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Section  1 


INTRODUCTION 

This  report  describes  the  results  of  experimental  and  theoreticai  investigations  on 
advanced  combustion-diagnostic  techniques  and  the  application  of  these  techniques 
to  turbulent  flames  studies.  The  goals  of  this  effort  were  to  develop  and  evaluate 
advanced  laser-based  combustion  diagnostic  techniques  and  to  apply  the  most 
promising  techniques  to  the  study  of  flame  systems  of  interest  in  combustion-model 
evaluation  and  validation. 

In  addressing  the  technical  goals  of  combustor  designers  (especially  for  advanced 
engine  designs),  models  must  be  developed  which  not  only  provide  design  and  test¬ 
ing  aids  but  also  produce  new  insights  into  the  basic  behavior  of  high-temperature 
chemically  reacting  flows.  Major  strides  in  the  development  of  computational-fluid- 
dynamic  (CFD)  models  have  been  made  over  the  past  decade;  however,  the  ability  to 
calculate  accurately  the  fields  of  velocity,  species  concentration,  temperature,  and 
pollutants  in  practical  systems  (i.e.,  gas  turbines,  internal-combustion  engines,  and 
industrial  furnaces)  remains  limited. 

Validation  of  CFD  models  requires  the  measurement  of  velocity  in  conjunction  with 
several  scalars  which  allows  evaluation  of  cross  correlations.  The  techniques  devel¬ 
oped  and  evaluated  during  the  course  of  this  program  were  directed  toward  the  mea¬ 
surement  of  quantities  which  are  important  for  model  development  and  evaluation. 
The  techniques  investigated  and/or  developed  include  a  combined  coherent  anti- 
Stokes  Raman  spectroscopy  (CARS)/laser  Doppler  velocimetry  (LDV)  system  for 
simultaneous  temperature/velocity  measurements  and  correlations;  thin-filament 
pyrometry  (TFP)  for  high-speed  and  multi-dimensional  thermometry;  flame  visualiza¬ 
tion  techniques  [reactive  Mie  scattering  (RMS),  two-dimensional  Rayleigh,  and  planar 
laser-induced  fluorescence  (PLIF)  of  the  OH  radical]  for  obtaining  two-dimensional 
flame-structure  information;  two-color  particle-imaging  velocimetry  (PIV)  for  two- 
dimensional  velocity  measurements  in  low-  and  high-speed  flowfields;  hardened 
CARS  system  for  thermometry  in  large-scale  combustion  systems;  and  a  combined 
CARS/phase  Doppler  particle  analyzer  (PDPA)  system  for  temperature,  velocity,  and 
particle-size  measurements  in  spray-combustion  systems.  In  addition,  the  LDV  tech- 
nique  was  extensively  utilized  for  pointwise  velocity  measurements. 
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These  techniques  were  developed,  evaluated,  and  applied  to  the  study  of  turbnient- 
combustion  flames.  Experimental  results  obtained  with  the  advanced  diagnostic 
instrumentation  were  utilized  in  the  evaluation  of  several  numerical  flame  models. 
Both  small  (Bunsen  and  jet  diffusion  flames)  and  large  (6-  and  10-in. -diam.  r-  r  he  ¬ 
tors)  systems  were  studied  with  the  advanced  diagnostic  techniques. 

The  research  conducted  during  this  program  resulted  in  96  publications,  presenta¬ 
tions,  and  patents;  a  list  of  these  is  included  in  the  Appendix  to  Volume  2.  The  sum¬ 
mary  of  research  efforts  in  this  report  is  divided  into  two  parts.  The  first  (summarised  in 
Sect.  2  of  this  volume)  deals  with  the  development  and  evaluation  of  advanced  diag¬ 
nostic  techniques,  while  tne  second  (summarized  in  Volume  2)  treats  the  applications 
of  the  advanced  techniques  to  combustion  studies. 
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Section  2 


ADVANCED  COMBUSTION  DIAGNOSTIC  DEVELOPMENT  AND  EVALUATION 

2.1  GENERAL  REVIEW 

A  general  review  of  the  diagnostic  development  and  evaluation  conducted  in  this  pro¬ 
gram  was  given  in  a  paper  entitled,  "Development  of  Laser  Diagnostics  for  Combus¬ 
tion  Research,"  which  was  presented  at  the  1986  Spring  Technical  Meeting  of  the 
Central  States  Section  of  the  Combustion  Institute  (see  p.  5).  This  paper  described 
efforts  during  the  early  stages  of  this  program.  A  second  paper,  "Optical  Diagnostics 
for  Reacting  and  Non-Reacting  Flows:  Recent  Developments  and  Results,"  presented 
at  the  28th  Aerospace  Sciences  Meeting  discussed  later  developments  in  the  program 
(see  p.  37). 

2.2  COMBINED  CARS/LDV  SYSTEM 

The  experimental  study  of  turbulent  transport  processes  is  very  difficult  because  of  the 
need  for  simultaneous  measurement  of  velocity  and  scalar  variables.  The  develop¬ 
ment  of  ihe  LC7  technique  has  led  to  the  routine  measurement  of  velocities  in  reacting 
flows.  The  measurement  of  scalar  quantities,  however,  has  lagged  in  development. 
The  CARS  technique  which  has  been  extensively  investigated  in  this  laboratory  is 
capable  of  temperature  and  major-flame-species  measurements  in  hostile,  reacting 
flow  environments.  Because  of  the  unique  features  of  the  CARS  technique  and  famili¬ 
arity  with  both  the  CARS  and  LDV  methods,  a  combined  CARS/LDV  system  was 
developed  and  evaluated.  This  instrument  is  capable  of  making  simultaneous  two- 
component  velocity  and  temperature  measurements  in  hostile  combusting  flowfields. 
A  detailed  discussion  of  the  initial  combined  instrument  can  be  found  in  the  article 
entitled,  "Combined  CARS/LDA  Instrument  for  Simultaneous  Temperature  and 
Velocity  Measurements,"  which  appeared  in  Experiments  in  Fluids  (see  p.  47).  A 
second-generation  instrument  which  incorporated  several  improvements  was  dis¬ 
cussed  in  two  papers;  the  first  entitled,  "Combined  CARS-LDV  System  for  Turbulent 
Flame  Studies,"  was  presented  at  the  1988  Spring  Technical  Meeting  of  the  Central 
States  Section  of  the  Combustion  Institute  (see  p.  57).  The  second,  a  full-length  article 
entitled,  "Second-Generation  CARS-LDV  instrument  for  Simultaneous  Temperature 
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and  Velocity  Measurements  in  Combusting  Flows."  appeared  in  Review  of  Scientific 
Instruments  (see  p.  63). 
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Abstract 


In  1977,  the  AFWAL  Aero  Propulsion  Laboratory  initiated  the  Combustor  Model  Evaluation  research 
program  with  two  primary  objectives:  to  develop  and  evaluate  the  performance  cf  probes  and  laser 
measurement  techniques  and  to  use  the  proven  techniques  in  well  conceived  experiments  to  aid  in  the 
evaluation  and  development  of  combustion  models.  This  paper  provides  an  overview  of  the  Combustion 
Model  Evaluation  program  with  special  emphasis  on  the  laser  diagnostic  techniques  that  have  been 
developed  and  applied  in  combustion  research  and  the  techniques  that  are  being  considered  for  future 
development. 


Background  .and  Inlroduction 

The  environment  was  right  in  the  early  1970's  for  the  awakening  of  a  new  technical  field  often  referred  to 
as  combustion  diagnostics.  A  Project  SQUID  Workshop  entitled  Laser  Raman  Gas  Diagnostics  [1]  clearly 
demonstrated  that  Laser  Raman  Spectroscopy  (LRS)  and  Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS) 
could  be  used  to  study  flames.  A  second  Project  SQUID  workshop  entitled  Combustion  Measurements  (2) 
and  a  study  sponsored  by  The  American  Physical  Society  entitled  The  Role  of  Physics  in  Combustion"  [3] 
provided  excellent  overviews  of  the  potentials  and  the  limitations  of  laser  spectroscopic  techniques  in 
combustion  research. 


The  initial  driving  force  for  the  development  of  laser  diagnostics  was  the  study  of  pollutants  and  their 
formation  processes  in  combusting  flows.  However,  this  was  not  sufficient  in  itself  to  sustain  the  area. 
Fortunately,  the  Organization  of  Petroleum  Exporting  Countries  added  impetus  to  the  area  with  the  oil 
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embargo  of  the  mid  70's.  The  realization  that  new  sources  of  energy  would  be  needed  in  the  future  provided 
the  stimulus  required  to  place  new  importance  on  combustion  research.  Several  workshops  formulated  the 
direction  this  research  should  take  [4,5].  That  is,  long-term  research  programs  should  be  established  at 
centers  where  computer-based  combustion  models  and  laser-based  combustion  diagnostics  could  be 
developed  and  evaluated  in  mutually  supporting  roles. 

The  combustion  research  needs  of  the  Air  Force  [6]  are  similar  to  those  addressed  by  the  workshops. 
The  design  of  gas  turbine  combustors  are  based  upon  empirical  correlations,  experience  and  the  cut-and-try 
approach.  Computer  models  have  the  potential  of  greatly  enhancing  the  design  methodology.  They  are  being 
developed  and  utilized  in  some  combustor  development  programs  in  an  attempt  to  reduce  the  development 
cycle  time  and  the  associated  development  cost  [7,8,9].  The  combustor  design  models  presently  provide 
information  about  performance  trends,  and  give  insights  into  the  combustion  processes,  but  are  unable  to 
provide  accurate  quantitative  design  information  [10].  Studies  performed  for  the  NASA  HOST  program  have 
shown  that  considerable  work  is  needed  to  thoroughly  assess  the  performance  of  existing  and  future  design 
models  and  to  improve  their  predictive  capabilities  in  both  fundamental  and  practical  combusting  environments 
[11,12,13]. 

The  Combustion  Model  Evaluation  (CME)  program  established  at  the  Air  Force  Aero  Propulsion 
Laboratory  (APL)  was  conceived  in  1973.  However,  it  was  1977  before  the  necessary  resources  became 
available  to  effectively  start  the  program.  The  CME  program  is  viewed  as  a  long-term  program  with  two  primary 
objectives:  to  develop  and  evaluate  the  performance  of  probes  and  advanced  laser  measurement  techniques 
in  combustion  environments  and  to  use  the  proven  techniques  in  well  conceived  experiments  to  add  to  the 
existing  data  base  for  the  evaluation  and  development  of  combustion  models. 

Numerous  resources  are  required  to  successfully  conduct  such  a  broad  scope  program.  First,  and  most 
importantly,  an  imaginative  and  energetic  research  team  is  required  which  has  expertise  in  spectroscopy  and 
instrumentation  development,  combustion  and  combustion  models,  facility  development  and  operation,  and 
computer  hardware  and  software.  Second,  facilities  in  which  fundamental  combustion  experiments  can  be 
performed  with  conventional  and  laser  instrumentation  are  required  along  with  a  laboratory  for  evaluating  and 
developing  the  laser  techniques.  Third,  the  optical  equipment  that  can  be  used  in  developing  the  laser 
techniques  are  required.  Such  a  program  also  requires  substantial  support  over  a  long  period  of  time  and  a 
good  technical  and  management  approach  which  can  bring  all  the  resources  together.  It  is  also  very  important 
that  one's  management  be  understanding  and  patient  because  it  takes  a  long  time  from  conception  of  such  a 
program  until  the  first  results  are  obtained.  The  Aero  Propulsion  Laboratory  has  attempted  to  bring  these 
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resources  together  in  the  CME  program. 


This  paper  provides  an  overview  of  the  CME  program  with  special  emphasis  on  the  laser  diagnostic 
techniques  that  have  been  developed  and  applied  in  combustion  research  and  the  techniques  that  are  being 
considered  for  future  development.  The  paper  is  arranged  into  four  sections:  Research  Team  and  Program 
Organization,  Facilities,  Optical  Instrumentation  and  Applications,  and  Concluding  Remarks. 

Research, Team  and  Program  Organization 

The  CME  program  is  organized  into  three  research  teams.  Responsibilities  and  resources  of  each  team, 
are  depicted  in  Figure  1.  The  primary  objective  of  the  Systems  Research  Laboratory  team  is  to  evaluate  and 
develop  laser-based  combustion  diagnostic  techniques.  This  program  includes  fundamental  investigations  of 
new  combustion  diagnostic  techniques.  It  also  involves  developing  a  proven  technique  into  a  system  that  is 
hardened  for  use  in  a  test  cell  environment.  The  instrumentation  development  and  evaluation  research  is 
performed  in  the  Diagnostics  Development  Laboratory  which  is  well  equipped  with  a  vertical  combustion 
tunnel,  lasers  and  other  optical  equipment.  Their  recent  accomplishments  include:  coupling  CARS  and  Laser 
Doppler  Anemometer  (LDA)  systems  so  that  temperature  and  velocity  measurements  can  be  made 
simultaneously,  the  application  of  CARS  in  a  recirculating  combusting  flow,  and  the  development  of  an 
optoacoustic  beam-deflection  technique  for  making  high  sampling  rate  temperature  measurements  in  flames. 

The  responsibilities  of  the  University  of  Dayton  team  is  to  utilize  the  laser  techniques  in  performing 
baseline  experiments  which  can  be  used  in  evaluating  and  developing  combustion  models  and  exploring  the 
fundamental  physics  of  turbulent  combusting  flows.  Their  recent  accomplishments  have  been  the  application 
of  a  high  data  rate  Raman  system  to  a  turbulent  mixing  layer,  the  coupling  of  a  two-component  Laser  Doppler 
Anemometer  (LDA)  and  a  Laser  Raman/Rayleigh  Scattering  system  for  making  high  sampling  rate  velocity  and 
species  concentration  measurements  simultaneously,  and  the  development  of  a  Fundamental  Combustion 
Laboratory. 

The  responsibilities  of  the  Air  Force  team  are  to  conduct  fundamental  combustion  and  spray  research  as 
it  pertains  to  the  burning  of  fuels  in  gas  turbine  combustors.  The  development  of  a  laser  sheet-lighting 
technique  for  flow  visualization  and  the  modification  of  the  Combustion  Tunnel  Facility  to  accommodate  a  swirl 
combustor  are  recent  accomplishments.  Further,  a  Spray  Research  Laboratory  is  under  development.  These 
facilities  will  be  discussed  in  the  next  section. 
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Facilities 


The  Combustion  Tunnel  Facility  has  been  the  primary  test  rig  in  which  computer  model  evaluation 
experiments  have  been  performed.  It  also  serves  as  a  test  device  for  evaluating  combustion  diagnostic 
techniques  in  complex  combusting  flows.  Considerable  effort  went  into  selecting  a  research  combustor 
configuration  for  this  facility.  It  was  desirable  that  the  combustor  simulate  some  of  the  features  of  an  actual  gas 
turbine  combustor  and  have  a  geometry  simple  enough  to  be  modeled.  It  should  also  provide  easy  optical 
access  to  the  combustor  inlet  plane  and  the  reaction  zone.  The  configuration  should  also  be  capable  of  being 
modified  through  logical  steps  so  that  the  flow  field  becomes  progressively  closer  to  that  in  an  actual  gas 
turbine  combustor. 

A  centerbody  combustor  was  chosen  for  the  initial  test  configuration  because  it  seemed  to  have  the 
above  mentioned  characteristics  [14].  Figure  2  depicts  the  centerbody  combustor  and  its  derivatives. 
Research  with  the  Phase  I  centerbody  combustor  is  complete.  The  facility,  as  modified  for  the  Phase  II 
combustor,  is  shown  in  Figures  3  and  4.  The  Phase  II  combustor  is  installed  and  currently  undergoing 
checkout  tests.  This  facility  is  the  center  of  much  of  the  activities  of  the  CME  program  because  it  is  one  of  the 
few  facilities  that  bridges  the  gap  between  the  more  fundamental  burner  configurations  and  the  very  complex 
combustors  developed  by  industry.  Much  of  the  researach  performed  in  this  facility  is  described  in  Ref.  15. 

The  Fundamental  Combustion  Laboratory  has  been  developed  for  the  purpose  of  conducting 
fundamental  combustion  experiments  in  well  controlled  environments  [1 6].  Figure  5  is  a  schematic  diagram  of 
a  small  combustion  tunnel  that  was  developed  for  this  facility.  The  tunnel  is  referred  to  as  the  vertical 
combustion  tunnel  because  it  is  mounted  vertically  on  an  x,y,z  platform.  This  has  the  advantage  of  allowing 
detail  profiling  of  combusting  flows  with  fixed  optical  systems.  An  identical  vertical  tunnel  is  used  for  diagnostic 
development  in  the  Diagnostic  Laboratory. 

Computers  are  considered  essential  to  the  development  and  application  of  laser  diagnostic  techniques. 
A  computer  is  needed  to  handle  the  large  quantity  of  data  collected  with  the  laser  techniques  and  to  allow 
different  optical  systems  to  be  coupled  for  simultaneous  measurements.  Indeed,  the  manhours  devoted  to 
computer  software  development  is  as  large  as  that  devoted  to  actually  developing  the  diagnostic  systems. 
Each  of  the  CME  laboratories  has  a  similar  dedicated  computer  and  all  of  the  laser  and  conventional 
instrumentation  are  required  to  interface  with  them.  This  provides  the  flexibility  of  developing  a  diagnostic 
system  in  one  laboratory  and  applying  it  in  any  of  the  others  without  major  software  changes. 
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Optical  Instrumentation  and  Applications 


Hardened  CARS  System 

The  hardened  CARS  system  has  evolved  over  a  period  of  about  10  years.  The  first  system  used  a  ruby 
laser  (1  Hz  pulse  rate)  and  had  a  colinear-beam  optical  configuration.  This  system  was  used  to  demonstrate  the 
feasibility  of  making  single  shot  CARS  temperature  measurements  in  the  Combustion  Tunnel  Facility  [17].  The 
low  data  rate  and  poor  spatial  resolution  seriously  limited  the  value  of  this  system  as  a  combustion  research  tool. 
To  solve  these  two  problems,  a  second  system  was  developed  based  upon  a  frequency-doubled  Nd-YAG 
laser  operating  at  a  10  Hz  repetition  rate  and  in  a  folded  BOXCARS  optical  geometry.  This  combination  allowed 
high  temporal  (10  ns)  and  spatial  (1  mm3)  measurement  resolution  within  the  combusting  medium.  The  optical 
and  electronic  configurations  are  shown  in  Figures  6  and  7,  respectively.  This  system  with  some  minor 
modifications  is  referred  to  as  the  hardened  CARS  system.  Detail  descriptions,  design  features  and 
experimental  results  obtained  with  this  system  can  be  found  in  Refs.  [18-20].  Other  CARS  research  performed 
on  the  CME  program  are  contained  in  [21-23]. 

The  hardened  CARS  system  is  designed  to  make  instantaneous  and  simultaneous  measurements  of 
gas  temperature  and  concentrations  of  N2  and  O2  at  a  common  point  and  at  a  rate  of  10  Hz.  These  capabilities 
have  been  demonstrated  in  extensive  calibration  and  checkout  testing  on  a  laboratory  flame  [18].  However, 
checkout  tests  in  the  Combustion  Tunnel  Facility  revealed  that  large  thermally  induced  index-of-refraction 
gradients  cause  a  decrease  in  CARS  scattering  intensity.  While  this  intensity  loss  does  not  detract  from  the 
spectral  content  (i.e.,  temperature-dependent  information),  it  does  prohibit  determination  of  N2  concentration 
by  relative  intensities.  Because  of  this,  reliable  concentration  measurements  could  not  be  made  with  the 
CARS  system  in  the  near-wake  region  of  the  centerbody  combustor.  Future  research  will  include  the 
investigation  of  methods  for  compensating  the  CARS  signals  for  turbulent  beam  steering. 

Figure  8  is  a  demonstration  of  the  detailed  average  temperature  mapping  that  has  been  accomplished 
with  the  hardened  CARS  system  in  the  highly  sooting,  recirculating,  near-wake  region  of  the  centerbody 
combustor  [20].  Such  time  averaged  CARS  measurements  are  important  because  they  can  be  used  to 
evaluate  combustion  models  as  illustrated  in  Figure  8  by  the  comparison  with  model  predictions.  However,  the 
CARS  temperature  pdf's  give  a  better  insight  into  the  physics  of  the  combustion  process  as  illustrated  in  Figure 
9.  The  bimodal  shape  of  the  temperature  pdf’s  at  radial  locations  near  the  edge  of  the  centerbody  indicate  that 
vortices  are  being  shed  from  the  combustor  face  as  depicted  in  Figure  8.  As  the  vortices  rotate,  they  transport 
annulus  air  into  the  recirculation  zone.  This  air  is  initially  unmixed  with  combustion  products  and  can  be  tracked 
by  it's  300  K  temperature.  By  denoting  the  radial  locations  of  the  temperature  pdf’s  in  Figure  9  where  there 
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are  signiticant  populations  in  the  300  k  bin,  one  can  ten  how  tar  the  large  vortex  structures  actually  transport 
unmixed  air  from  the  annulus  region  into  recirculation  zone  at  different  axial  locations  (20].  The  probability  of 
the  300  K  bin  also  gives  the  fraction  of  time  that  unmixed  annulus  air  is  actually  transported  to  a  given  location. 
The  CARS  technique  is  probably  the  most  reliable  method  currently  available  of  measuring  temperatures  in 
such  a  complex  combusting  environment  and,  as  illustrated,  it  can  give  considerable  insight  into  the  physics  of 
the  flow. 

Hardened  LDA  System 

The  hardened  LDA  system  design  is  based  on  experience  obtained  in  the  Combustion  Tunnel  Facility 
with  a  single  component  system.  A  schematic  diagram  of  the  LDA  system  is  shown  in  Figure  1 0.  It  can 
simultaneously  measure  two  velocity  components  at  a  rate  in  excess  of  30,000  velocity  realizations  per 
second.  Polarization  is  used  to  separate  the  two  velocity  components  and  a  Bragg  cell  is  used  to  remove 
directional  ambiguity.  The  direction  of  polarization  and  relative  position  of  the  beams  forming  the  measurement 
volume  are  shown  in  Figure  1 1 .  Note  that  this  system  also  includes  a  technique  for  measuring  flame  luminosity. 
Detail  descriptions  of  the  hardened  LDA  system  and  research  performed  with  it  are  given  in  Refs.  [24-28]. 

Figures  12  and  13  illustrate  results  obtained  with  the  hardened  LD A/Luminosity  system  in  the 
Combustion  Tunnel  Facility.  These  data  illustrate  how  a  velocity  bias  error  was  detected  using  luminosity 
measurements  to  conditionally  sample  the  velocity  data.  The  measurements  were  made  on  centerline  and 
downstream  of  the  recirculation  zone  established  behind  the  centerbody  combustor.  The  flame  luminosity 
measurements  were  made  along  a  line-of-sight  that  passed  through  the  LDA  measurement  volume.  Figure  12 
illustrates  a  time  record  of  axial  velocities  (top)  and  flame  luminosity  (bottom)  obtained  simultaneously.  Note  that 
the  flame  is  intermittent.  Figure  13  shows  the  number  of  realizations  of  the  axial  velocities  using:  all  the  LDA 
data  (total),  only  those  where  there  is  no  luminous  signal  (no  flame),  and  only  where  there  is  luminosity.  Figure 
13  clearly  shows  that  the  distribution  and  mean  values  of  the  velocity  measurements  are  different  when 
conditioned  with  the  presence  of  flame.  The  important  feature  of  the  distributions  is  that  the  velocity 
measurements  in  the  flame  are  much  less  frequent  than  they  should  be.  The  fraction  of  time  that  the  flame  was 
present,  as  measured  from  a  large  sampling  of  the  luminosity  time  traces,  was  considerably  larger  than  when  it 
was  not  present.  The  number  of  velocity  realizations  indicates  the  opposite  is  true.  This  discrepancy  illustrates 
that  the  mean  velocity  measurement  are  weighted  towards  the  colder  fluid  elements. 

Two  causes  can  be  given  for  the  observed  velocity  bias  error.  Unknown  to  us  at  the  time,  other 
researchers  had  shown  that  T1O2  seed  particles,  which  were  used  in  the  experiment,  do  not  scatter  effectively 
at  high  temperatures  [29].  This  could  cause  a  bias  in  the  mean  velocities  towards  the  colder  temperatures. 
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Also,  there  could  be  a  density  weighting  effect  which  would  cause  more  velocity  realizations  in  the  cold,  high 
density  fluid  elements  than  in  the  hot  regions.  As  will  be  discussed  in  the  next  section,  conditional  sampling 
measurements,  made  with  the  combined  CARS/LDA  system,  indicate  that  both  the  Ti02  scattering  and  the 
density  weighting  effects  are  occurring. 

CABS/LDA  System 

Studies  of  turbulent  transport  characteristics  in  flames  require  simultaneous  measurements  of  velocity 
and  a  scalar.  The  feasibility  of  making  nearly  simultaneous  temperature  and  two  velocity  component 
measurements  using  a  laboratory  CARS  system  and  the  hardened  LDA  system  have  been  demonstrated  in  a 
propane/air  premixed  Bunsen  burner  flame  [30].  The  optical  layout  of  the  combined  CARS/LDA  system, 
shown  in  Figure  14,  provides  a  common  measurement  volume  while  effectively  keeping  the  two  optical 
systems  intact.  The  integration  of  the  systems  occurs  in  the  electronics  and  the  computer  software  that 
governs  the  timing  sequence  (See  Figure  15).  The  approach  involves  creating  a  100  ps  window  during  every 
100  ms  firing  interval  of  the  CARS  laser.  If  a  velocity  realization  is  recorded  during  the  window,  the  CARS  laser  is 
fired  4  ps  later.  This  guarantees  nearly  simultaneous  temperature  and  velocity  measurements,  and  hence,  the 
ability  to  measure  velocity  temperature  correlations  (See  Figure  16).  If  no  realization  occurs,  then  there  is  a  1 00 
ms  waiting  period  before  the  CARS  laser  can  be  fired.  This  sequence  was  established  by  the  operating 
characteristics  of  the  Nd:YAG  laser  used  In  the  CARS  system  and  the  desire  to  obtain  nearly  simultaneous 
velocity  and  temperature  measurements.  The  CARS/LDA  system  is  described  in  Ref.  30.  Other  investigations 
for  combining  these  two  systems  are  given  in  [31 ,32]. 

The  main  advantage  of  the  CARS/LDA  over  other  techniques  that  provide  temperature/velocity 
correlations  is  that  it  can  operate  in  adverse  environments  involving  highly  sooting  flames  that  are  stabilized  by 
complex,  swirling  recirculation  zones  and  fueled  by  spray  nozzles.  The  main  disadvantage  of  the  approach 
used  to  ensure  simultaneous  CARS/LDA  measurements  is  that  very  low  data  rates  are  observed  (<0.5/s).  A 
new  approach  to  be  implemented  in  the  CARS/LDA  system  developed  for  the  Fundamental  Combustion 
Laboratory  is  to  fire  the  CARS  laser  at  a  constant  rate  of  1 0  Hz  while  free  running  the  LDA  system.  Coincidence 
will  be  achieved  by  interpolation  of  the  LDA  data  to  obtain  the  two  velocity  components  at  the  same  time  as  the 
CARS  laser  firing. 

The  abilities  of  the  CARS/LDA  system  to  examine  bias  errors  due  to  the  presence  of  seed  barticles  are 
illustrated  in  Figures  17  and  18.  The  low  temperature  biasing  of  TIO2  seed  particles  is  noted  by  comparing  the 
free  running  (unconditioned)  CARS  temperature  measurements  (Ty)  with  those  conditioned  by  the 
simultaneous  velocity  measurements  (Tq)  in  Figure  17.  This  bias  was  shown  to  be  primarily  due  to  the 
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reduction  in  effective  scattering  from  the  T1O2  particles  at  high  temperatures  [30].  AI2O3  seed  particles 
seemed  to  hold  up  in  the  flame  environment  but  exhibited  a  density  weighted  (Favre)  bias.  This  is  shown  in 
Figure  18  by  comparing  the  calculated  density  weighted  pdf's  (Tp)  and  the  conditioned  pdf’s  Tq.  It  appears 
that  the  inherent  seeding  of  flows  to  make  LDA  measurements  results  in  Favre  averaged  velocities  if  the  data 
are  not  taken  at  equal  time  intervals. 

CARS-Phase  Doppler 

An  understanding  of  the  dynamics  of  liquid  sprays  in  a  combusting  environment  is  essential  to  the 
understanding  of  the  processes  occurring  in  gas  turbine  combustors.  To  study  these  dynamics,  a  system  is 
being  developed  which  will  combine  the  temperature  and  concentration  measurement  capabilities  of  the 
previously  described  hardened  CARS  system  with  a  system  capable  of  performing  droplet  size  and 
two-component  velocity  measurements. 

The  Phase  Doppler  technique  developed  by  Bachalo  and  Houser  [33]  is  being  employed  to  provide 
simultaneous  measurements  of  drop  size  and  velocity.  This  instrument  is  configured  as  a  two-beam  LDA 
device  except  for  the  position  and  internal  configuration  of  the  detector.  The  detector  is  positioned  30  0  off 
the  forward  axis  and  consists  of  a  single  compound  tens  and  three  photomultiplier  tubes,  positioned  to 
observe  three  spatially  distinct  positions  of  the  lens.  Drop  size  information  is  encoded  in  the  spacing  of  fringes 
projected  to  the  receiver  lens  by  droplets  interacting  with  the  interferometric  probe  volume.  The  spatial 
variation  of  fringe  spacing  in  the  receiver  plane  results  from  the  relative  phase  shift  in  the  rays  of  light  reaching 
the  receiver  after  traveling  paths  of  different  lengths  through  the  droplet.  Any  two  of  the  detectors  can 
measure  this  phase  shift.  The  third  detector  serves  to  identify  a  phase  shift  larger  than  2 re  radians.  The  phase 
shift  is  linearly  related  to  drop  diameter. 

Droplet  velocities  are  encoded  in  the  period  of  the  Doppler  burst  measured  at  all  three  detectors.  This 
frequency  information  is  analyzed  as  in  a  standard  LDA  instrument.  Both  size  and  velocity  measurements  have 
been  shown  to  be  unaffected  by  incident  beam  attenuation  provided  the  signal-to-noise  ratio  is  sufficiently 
large.  Preliminary  work  on  dense  sprays  has  been  quite  encouraging  [33-35].  The  results  indicate  that 
accurate  droplet  velocity  and  size  measurements  can  be  made  in  extremely  dense  spray  media. 

Since  both  the  CARS  and  Phase  Doppler  instruments  are  stand  alone  systems,  integration  of  their 
optical  systems  can  be  as  straight  forward  as  that  diagrammed  in  Figure  19.  Here  the  CARS  and  Phase  Doppler 
systems  are  arranged  with  counter  propagating  beams  through  the  sample  volume.  The  30  degree  forward 
scattering  geometry  of  the  Phase  Doppler  configuration  allows  convenient  separation  of  the  two  signal  paths. 
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Once  the  optical  signals  from  the  CARS  and  Phase  Doppler  systems  have  been  detected,  the  electrical 
information  is  processed  as  diagramed  in  Figure  20.  The  CARS  and  Phase  Doppler  information  can  be 
collected  independently  of  the  operation  of  the  two  systems.  With  the  insertion  of  an  event  marker/time  word 
capability,  events  occurring  in  the  two  data  streams  can  be  uniquely  identified  and  correlations  obtained. 

Several  problems  which  must  be  addressed  with  the  combined  CARS-Phase  Doppler  instrument  occur 
primarily  with  the  ability  of  the  CARS  technique  to  work  in  dense  spray  environments.  As  observed  in  the 
combined  CARS-LDA  system  operation,  high-density  solid  seed  particles  can  cause  problems  with  the 
high-peak-power  lasers  due  to  optical  breakdown.  This  may  constitute  an  acute  problem  in  dense  sprays 
where  the  droplet  size  can  become  quite  large.  Another  problem  might  be  the  added  nonresonant 
background  contribution  due  to  the  presence  of  the  spray.  If  the  droplets  do  not  induce  catastrophic 
absorption  of  the  CARS  beams  they  may  still  increase  the  nonresonant-to-resonarit  signal  ratio  which  can 
complicate  the  analysis  of  the  CARS  spectra.  One  approach  to  avoiding  these  problems  is  to  delay  the  CARS 
measurement  until  the  sample  volume  is  clear  of  droplets.  The  amount  of  this  delay  will  thus  determine  the 
degree  of  simultaneity  of  the  two  measurements. 

(Raman)  LRS/LDA  System 

The  LRS/LDA  system  is  designed  to  provide  nearly  simultaneous  measurements  of  two  velocity 
components  and  two  scalar  quantities.  The  LDA  system  in  the  combined  instrument  is  almost  identical  to  the 
previously  described  hardened  LDA  system.  The  optica)  layout  of  the  LRS  (Raman)  system  is  shown  in  Figure 
21 .  The  optical  integration  of  the  two  systems  is  illustrated  in  Figure  22.  Details  of  the  integrated  system  are 
given  in  Ref.  14.  The  LRS/LDA  system  is  currently  being  used  in  cold  flow  mixing  and  premixed  flame 
experiments  in  the  Fundamental  Combustion  Laboratory.  Results  from  these  studies  will  be  published  in  the 
near  future. 

The  LRS  system  has  several  noteworthy  characteristics.  It  uses  photon  counting  and  is  capable  of 
measuring  either  the  concentration  of  two  gases  in  cold  flow  or  temperature  and  concentration  fluctuations  of  a 
single  gas  species,  such  as  N2  in  a  flame.  The  use  of  this  system  in  flame  studies  is  limited  by  the  low  signal 

strength  that  results  from  the  small  Raman  scattering  cross-sections  of  gas  molecules.  The  Raman  signal  is 
enhanced  by  using  the  pure  Stokes  rotational  Raman  lines  of  the  probe  gas,  a  9  W  cw  Argon-ion  laser,  and  a 
multipass  cell.  This  provides  sufficient  signal  to  permit  sampling  rates  up  to  2  kHz  in  flames  and  up  to  5  kHz  in 
cold  flows.  A  unique  feature  of  the  LRS  system  is  the  use  of  high  spectral  resolution  which  permits  Raman 
measurements  in  the  presence  of  LDA  seed.  The  design  details  and  results  obtained  with  this  system  are 
given  in  Refs.  37-41. 


9 


14 


The  LRS  system  was  recently  used  in  a  study  of  a  cold  flowing  mixing  layer  which  won  the  1985  AIAA 
National  Award  for  outstanding  research  paper  [39].  The  experiments  and  some  of  the  results  are  shown  in 
Figure  23.  The  mixing  layer  development  downstream  of  a  splitter  plate  can  be  described  by  three  regions. 
The  first  is  a  laminar-like  flow  region  in  which  an  instability  develops  and  grows  to  orderly  coherent  eddies  that 
dominate  the  second  region.  In  the  third  region,  fully  developed  turbulent  motion  prevails.  The  energy  of  the 
low  frequency  eddies  could  be  reduced  substantially  by  putting  a  coarse  grid  just  upstream  of  the  splitter  plate 
tip.  This  is  shown  by  the  LRS-determined  power  spectral  density  function  of  the  concentration  fluctuations  in 
Figure  23.  The  LRS  system  provided  pdf’s  of  the  concentration  fluctuations  which  supported  the  three-region 
description  of  the  shear  layer  development.  The  impact  of  these  measurement  on  turbulence  model 
development  is  also  discussed  in  Ref.  39. 

Qptoacoustic  Laser  Deflection  fOLDI 

The  ability  to  measure  temperature  at  very  high  data  rates  is  important  in  the  study  of  turbulent 
*  combustion  processes.  High-frequency  thermometry  has,  to  date,  been  carried  out  using  fine-wire 
thermocouples  or  Rayleigh  scattering.  Both  methods  are  extremely  difficult  to  apply  in  complex  sooting  flames. 
An  Optoacoustic  Laser  Deflection  technique  (OLD)  that  has  the  capability  of  measuring  temperatures  at  1.4 
kHz  rates  has  recently  been  demonstrated  [42,43].  The  technique  involves  measurement  of  the  propagation 
velocity  of  an  acoustic  impulse  between  two  measurement  points  defined  by  monochromatic  beams.  The 
method  is  nonintrusive  at  the  point  of  measurement,  does  not  require  focus  coincidence  of  multiple  beams, 
and  can  be  used  with  a  number  of  commercially  available  high-repetition-rate  lasers. 

The  OLD  technique  is  illustrated  in  Figure  24.  The  output  from  the  XeCI  laser  is  focused  to  a  line  on  a 
titanium  or  titanium-alloy  wire,  which--due  to  high  and  rapid  heating  from  the  absorption  of  optical 
radiation-generates  a  megahertz-frequency  sound  pulse.  A  cylindrical  wave  is  generated  by  this  approach 
which  helps  to  minimize  the  spatial  spreading  of  the  sound  pulse.  This  scheme  provides  a  maximum  spatial 
resolution  of  2.1  mm.  The  speed  of  the  sound  pulse  is  then  monitored  as  it  traverses  a  section  of  the  flame. 
This  is  accomplished  by  monitoring  the  deflection  of  two  HeNe  probe  beams  separated  by  1  mm.  As  the  sound 
pulse  travels  through  the  flame,  the  local  index  of  refraction  is  changed  by  two  events-first,  the  adiabatic 
compression  of  the  sound  wave  which  induces  a  small  (<0.1  K)  temperature  rise  and,  secondly,  the  pressure 
dependence  of  the  index  of  refraction.  The  HeNe  probe  lasers  respond  to  the  index  change  by  being 
deflected.  The  deflection  is  detected  by  an  aperture-limited  silicon  diode.  A  wire  target  is  used  for  sound 
production  to  minimize  the  energy  requirements  of  the  laser  source  [44],  allowing  low  power,  high  repetition 
rate  laser  to  be  employed.  The  wire  is  typically  located  downstream  of  the  measurement  location  to  assure  a 
nonperturbing  measurement.  A  block  diagram  of  the  electronics  used  to  measure  the  transit  time  of  the  sound 
pulse  is  shown  in  Figure  25.  The  details  of  this  system  are  found  in  Reference  42. 
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Figure  I  .  illustrates  time  traces  of  the  temperature  at  different  radial  locations  in  a  premixed  propane-air 
flat  flame.  The  OLD  measured  average  temperature  at  the  center  of  the  flame  of  201 0  +  75  K  showed  excellent 
agreement  with  the  CARS  measured  value  of  2030  +  100  K  .  At  the  edge  of  the  flame,  the  well  documented 
(11  Hz)  flame  instability  was  measured.  The  data  presented  in  Figure  26  were  taken  at  200  Hz.  Data  taken  at 
1 .4  kHz  showed  the  same  behavior,  indicating  no  high-frequency  components  in  this  region  of  the  flame. 

Figure  27  displays  the  results  from  studies  on  a  Bunsen  burner  flame  in  which 
higher-frequency-component  temperature  fluctuations  were  observed.  Note  the  large  temperature 
fluctuations  observed  in  the  vicinity  of  the  reaction  zone.  These  measurements  were  made  at  100  Hz,  except 
for  the  upper  location  in  the  reaction  zone  where  they  were  made  at  1  kHz  (Figure  27b).  This  figure  indicates 
that  1  kHz  is  not  a  sufficiently  fast  rate  for  following  the  temperature  fluctuations  completely  in  this  area  of  the 
flame.  Experiments  are  in  progress  to  investigate  the  potential  of  using  the  OLD  technique  to  measure 
temperatures  at  a  5  kHz  rate  in  a  turbulent  flame  using  a  Cu-vapor  laser. 


Flow  Visualization 

Flow  Visualization  is  an  essential  part  of  the  CME  program.  It  is  used:  (1)  to  identify  the  scales  of 
processes  taking  place  in  different  regions  of  combusting  flows,  (2)  as  an  aid  in  interpreting  single  point 
measurements  such  as  CARS  and  LDA,  and  (3)  to  provide  insights  into  the  dynamics  of  the  mixing  and 
transport  processes.  Visual  observations  and  high  speed  movies  of  flames  are  simple  and  valuable  diagnostic 
techniques.  They  have  been  extensively  used  in  studying  the  centerbody  flow  field  in  the  Combustion  Tunnel 
Facility  [16]. 

A  new  laser  sheet  lighting  technique,  which  can  provide  very  detailed  information  about  the  mixing  and 
transport  processes  occurring  inside  of  flames,  has  recently  been  demonstrated  [45].  Figure  28  illustrates  the 
experimental  set-up  of  the  laser  sheet-lighting  technique  for  observing  the 

near-wake  region  of  a  centerbody  with  a  56%  blockage  ratio  in  the  vertical  combustion  tunnel.  The  technique 
involves  seeding  the  central  fuel  jet  with  TiCl4  vapor.  As  the  fuel  is  mixed  with  the  annulus  air,  the  T1CI4  reacts 

spontaneously  and  nearly  instantaneously  with  the  water  in  the  air  to  form  micron  size  T1O2  particles  and  HCI. 
The  Mie  scattering  from  the  TiC>2  particles,  observed  at  right  angles  to  the  plane  of  the  laser-sheet,  provides  a 

view  of  the  flow  field  inside  the  flame.  The  technique  is  simple  and  easy  to  implement.  The  only  major 
equipment  items  required  are  a  laser  and  camera.  Although  a  4  watt  Argon  Ion  laser  was  use  in  these 
experiments,  a  lower  powered  laser  would  work  if  the  beam  is  scanned  or  swept  through  the  flame  at  a  high 
rate. 
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Very  little  heat  is  released  from  the  T1CI4/H2O  reaction  so  that  it  can  be  used  to  study  reacting  flows  with 
and  without  heat  release.  This  is  demonstrated  in  Figure  29  where  a  flame  stablized  by  a  centerbody  with  a 
33%  blockage  (which  is  smaller  than  that  used  in  the  Ref.  45  study)  is  shown:  as  it  looks  to  the  eye  (left),  using 
the  laser  sheet-lighting  technique  (center),  and  under  the  same  flow  conditions  without  combustion  (right).  In 
the  combusting  case,  some  of  the  scattered  light  is  due  to  the  soot  particles  formed  in  the  flame.  High  speed 
movies  using  laser  sheet-lighting  provide  a  remarkable  view  of  the  dynamics  of  the  mixing  processes  occurring 
in  the  centerbody  flow. 

The  laser  sheet-lighting  technique  provides  a  better  visualization  of  jet  diffusion  flames  than 
conventional  techniques  and  has  revealed  several  new  processes  occurring  in  these  flames  [46].  The  jet 
diffusion  flame  set-up  used  to  compare  different  visualization  techniques  is  shown  in  Figure  30.  In  this 
experiment,  both  the  dry  annulus  air  and  the  central  fuel  jet  were  seeded  with  T1CI4  vapor.  The  only  water 
present  to  react  with  the  TiCl4  is  that  formed  in  the  combustion  process.  Figure  31  illustrates  the  visualization  of 
a  propane  diffusion  flame  using  smoke  with  laser  sheet-lighting  (left),  a  shadowgraph  (center)  and  the  TICI4 
laser  sheet-lighting  technique  (right).  The  structures  formed  in  this  flame  are  much  clearer  when  viewed  with 
the  TiCl4  laser  sheet-lighting  technique  than  those  obtained  with  the  conventional  techniques.  The  structures 

identified  by  the  TiCU/^O  reaction  also  have  a  physical  interpretation.  They  represent  the  interface  between 

the  fuel  and  the  water  product.  The  technique  has  revealed  the  presence  of  a  stationary  vortex  in  the 
potential  core  of  a  low  velocity  propane  jet  diffusion  flame  and  the  shedding  of  these  inner  vortices  as  the  fuel 
flow  is  increased.  It  has  also  been  shown  that  there  are  typically  three  instability  zones  radially  distributed 
across  jet  flames  instead  of  the  two  previously  revealed  by  the  schlieren  technique  [47], 

Since  HCI  is  formed  in  the  TiCl4  reaction  with  the  water  vapor,  some  precautions  must  be  taken  when 
applying  the  technique.  Very  little  TiCl4 's  used  to  seed  the  flow  and  the  concentration  of  the  HCI  formed  is 
very  small.  However,  care  must  be  taken  to  vent  the  exhaust  products  from  the  laboratory  and  to  flush  the 
burner  with  N2  or  other  dry  gas  after  use.  The  only  adverse  affect  that  has  been  noted  in  using  the  TiC^/^O 
reaction  is  that  a  sticky  condensate  can  collect  in  the  hood  and  drip  on  the  floor  or  burner.  This  problem  is 
eliminated  by  letting  the  hood  run  continually  and  putting  a  lip  on 
the  inside  rim  of  the  hood  to  collect  any  condensate. 
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Concluding  Remarks 


Most  of  the  diagnostics  research  conducted  in  the  CME  program  has  involved  the  development  of 
single-point  temperature,  species  concentration  and  velocity  measurement  capabilities  using  CARS,  LRS  and 
LDA.  The  CARS  and  LRS  systems  have  been  successfully  combined  with  the  LDA  systems  so  that 
correlations  between  scalar  and  vector  quantities  can  be  measured.  The  LRS/LDA  system  is  currently  being 
used  in  cold  flow  and  premixed  flame  experiments  in  the  Fundamental  Combustion  Laboratory.  When  these 
experiments  are  completed,  the  LRS/LDA  system  will  be  replaced  with  a  CARS/LDA  system  which  will  be  used 
to  study  diffusion  flames.  The  integration  of  the  hardened  CARS  system  with  a  Phase  Doppler  spray  analyzer  is 
in  progress.  This  CARS-Phase  Doppler  system  should  have  the  capabilities  of  making  simultaneous 
measurements  of  temperature,  N2  and  O2  concentrations,  drop  size,  and  two  velocity  components.  This 
system  will  be  used  to  study  a  spray  flame  established  in  the  Phase  II  swirl  combustor  and  in  more  basic  cold 
flow  turbulent  drop  interaction  experiments  in  the  Spray  Laboratory. 

Future  diagnostic  research  will  concentrate  on  obtaining  quantitative  multipoint  measurements  of 
temperature,  species  concentration  and  velocity.  A  method  for  making  two-dimensional  measurements  of 
flame  temperature,  that  relies  on  fluorescence  from  a  seed  material,  is  under  development.  This  method 
involves  the  use  of  rare-earth  ions  embedded  into  various  crystal  lattices.  The  approach  is  to  grind  the  solid 
into  small  seed  particles  that  can  track  the  flow.  The  fluorescence  from  the  particles  stimulated  by  a  laser  beam 
or  a  laser  sheet  will  be  used  to  measure  temperatures  at  multiple  points  in  the  flow.  Streak  photography  or  a 
variation  of  it  will  be  used  in  conjunction  with  the  fluorescence  measurements  to  obtain  the  velocities  of  the 
particles  at  the  same  time  the  temperatures  are  measured.  Simultaneous  temperature  and  two  velocity 
components  will  be  measured  at  multiple  points  in  a  combusting  flow  field  if  this  approach  succeeds.  Other 
approaches  for  obtaining  multipoint  measurements  of  velocity  and  temperature  are  being  considered  but  are 
not  as  far  along  as  the  fluorescence  particle  approach. 
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Figure  1.  Block  Diagram  of  Program  Organization 
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Figure  2.  Research  Combustor  Configurations  for  the  Combustion  Tunnel  Facility. 


24 


EXHAUST  _ 
MODIFICATION 


■SO"— 70*- 


OBSERVATION 

WINDOWS 


LDA,  CANS  OPTICS 
TABLE 


■EXISTING  TUNNEL 


SUPPORT  FRAMEWORK 
90*  - 


INLET,  MODIFICATION 


Figure  3.  Combustion  Tunnel  Illustrating  the  Optical  Table  for  the  Hardened  Systems 
and  the  Recently  Completed  Intake  and  Exhaust  Modifications. 
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Figure  4.  Combustion  Tunnel  Inlet  Settling  Chamber  Figure  5.  Schematic  Diagram 
Shown  with  the  Phase  II  Swirl  Combustor.  of  the  Vertical  Combustion 

Tunnel. 
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"Figure  6.  CARS  Optical-System  Schematic.  Figure  7.  CARS  Signal-Detection  and 

Data-Collection  Electronics  Configuration. 


Figure  8.  A  Comparison  of  Time  Averaged  CARS  Temperature  Measurements  (Top)  and 
TEACH  Predictions  of  Temperature  and  Velocity  with  an  Illustration  of  Shed  Vortices 
(Bottom) . 
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Figure  9.  CARS  Temperature  pdf's  in  the  Near-Wake  Region  of  the  Phase  I  Centerbody 
Combustor. 
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Figure  10.  Schematic  Diagram  of  the  Figure  12.  Time  History  of  the  Simultaneous 
LDA/Luminosity  Optical  System.  Axial  Velocity  and  Luminosity  Measurements. 
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Figure  11.  The  Relative  Positions  Figure  13.  Distribution  of  the  Axial 

and  Sizes  of  the  LDA  Beams  and  the  Velocity  Measurements.  The  Two  Distri- 

Luminosity  Observation  Slit.  butions  Obtained  by  Conditional  Sampling 

are  Shown  with  the  Total  (Unconditioned) 
Sampling  Distribution. 


Figure  14.  Optical  Layout  of  the  Combined  CARS/LDA  Instrument. 
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Figure  15.  Timing  Sequence  for  the  Data 
Acquisition  for  the  Combined  CARS/LDA 
Instrument. 


Figure  16.  Favre  (•)  and  Reynolds  (•) 
Averaged  Axial  Velocity/Temperature 
Correlations  about  the  Mean  in  a  Bunsen 
Burner  Propane /Air  Premixed  Flame. 
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Figure  17.  CARS  Temperature  pdf's  in  a  Premixed  Bunsen  Burner  Propane/Air  Flame  Using 
Ti02  Seed  Particles.  Tg  Represents  Temperatures  Measured  Independently  of  LDA  Velocities, 
T=  are  Favre  Averages  of  Trj,  and  T*  are  Temperatures  Measured  Simultaneously (Conditioned) 
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Figure  18.  CARS  Temperature  pdf's  in  a  Premixed  Bunsen  Burner  Propane/Air  Flame  Using 
Al^Oj  Seed  Particles.  Tjj  Represents  Temperatures  Measured  Independently  of  LDA  Velocities, 
Tp  are  Favre  Averages  of  Trj  and  Tp  are  Temperatures  Measured  Simultaneously  (Conditioned) 
with  LDA  Velocities. 
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Figure  21.  Optical  Layout  of  the  2-Channel  Figure  22.  Diagram  II  Illustrating 

Laser  Raman/Rayleigh  System.  the  Integration  of  the  Raman/LDA. 
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Figure  23.  Illustration  of  Mixing  Layer  Experiment  with  Concentration  Power  Spectral  and 
Probability  Density  Functions  Obtained  with  the  LRS  System. 
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Figure  24.  Schematic  Illustration  of  the  Optoacoustic  Thermometric  Experimental 
Arrangement . 


Figure  25.  Block  Diagram  of  Detection  and  Processing  Electronics  for  the 
Optoacoustic  Thermometric  Technique. 
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Figure  28.  Illustration  of  the  Laser  Sheet-Lighting  Experimental  Set-Up  for  the 
Centerbody  Combustor  Installed  in  the  Vertical  Combustion  Tunnel  with  the  Central 
Propane  Fuel  Jet  Seeded  with  TiCl^  Vapor. 


Figure  29..  Photographs  of  the  Near-Wake  Region  of  the  Centerbody  Combustor  with  the 
Central  Propane  Fueled  Jet  Seeded  with  TiCl^  Vapor.  From  Left  to  Right:  the  Flame, 
Sheet-Lit  Flame.  Non-Combusting  Flow. 
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Figure  30.  Experimental  Set-Up  of  Jet  Diffusion  Flame  Visualization  Experiments 


Preformed  Seed 


Shadowgraph 


Ti 02/Product 


CONVENTIONAL  TECHNIOUES 


Ti C14/H20  REACTION 


Figure  31.  Comparison  of  a  Preformed  Seed,  Shadowgraph,  and  TiCl,/H20  Reaction 
Visualization  Techniques  of  a  Jet  Diffusion  Flame. 
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ABSTRACT 

Two  novel,  multipoint  combustion-diagnostic 
techniques  have  been  developed  for  the  study  of 
jet  diffusion  flames-thin-filament  pyrometry 
(TFP)  for  the  measurement  of  flame  temperature 
and  two-color  particle-imaging  velocimetry 
(PIV)  for  two-dimensional  velocity  measure¬ 
ments.  In  the  TFP  technique  the  thermal  charac¬ 
teristics  and  their  influence  upon  the  spatial  and 
temporal  response  of  the  SiC  filament  have  been 
assessed  by  a  numerical  heat-transfer  model. 
The  flame-tracking  capability  of  the  filament  at 
different  frequencies  has  been  evaluated  and 
found  to  exhibit  negligible  errors  in  the  50-100 
Hz  range  and  relatively  small  errors  up  to  500 
Hz.  The  addition  of  a  CCD  camera  in  the  TFP 
method  has  allowed  extension  of  the  technique 
to  multifilaments  and  sooty  flames.  The  two- 
color  PIV  technique  is  similar  to  existing  PIV 
techniques  except  that  two  different-color  laser 
sources  are  used  to  form  the  light  sheets 
required  for  exposing  the  position  of  the  parti¬ 
cles  in  a  seeded  flowfield.  Analysis  of  the  two- 
color  images  consists  of  digitizing  the  exposed 
film  with  color  filters  to  separate  the  green-  and 
red-particle  image  fields  and  processing  the 
digitized  images  with  velocity-displacement 
software.  The  two-color  PIV  technique  has  the 
advantage  that  direction  as  well  as  particle  dis¬ 
placement  is  uniquely  determined  since  the 
green-particle  image  occurs  before  the  red  one 
by  a  known  time  increment.  Velocity  measure¬ 
ments  utilizing  this  technique  on  a  propane  jet 
diffusion  flame  have  been  made,  and  the  results 
are  discussed. 

INTRODUCTION 

Developments  in  combustion-diagnostic  tech¬ 
niques  have  experienced  tremendous  growth 
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over  the  past  decade,  with  applications  ranging 
from  simple  laboratory  burners  to  commercial 
jet  engines.  Point-measurement  techniques  such 
as  laser-induced  fluorescence  (LIF),  Raman  scat¬ 
tering  and  coherent  anti-Stokes  Raman  spec¬ 
troscopy  (CARS)  have  been  developed  to  the 
point  where  they  can  be  applied  to  real-world 
combustor  systems.  Multipoint  techniques  are 
not  so  well  developed  but  offer  the  possibility 
for  two-dimensional  scalar  and  velocity  mea¬ 
surements  in  complex  flow  systems.  In  this 
paper  two  multipoint  techniques  are  discussed 
which  have  been  under  development  at  the 
Wright  Research  and  Development  Center  at 
Wright-Patterson  Air  Force  Base  for  the  study  of 
complex  combustion  flow  systems--l)  thin- 
filament  pyrometry  (TFP)  for  high-sampling-rate 
measurement  of  single-  and  multiple-line  ther¬ 
mometry  and  2)  two-color  particle-imaging 
velocimetry  (PIV)  for  two-dimensional  velocity 
measurements.  The  TFP  technique  relies  upon 
the  blackbody  emission  from  a  thin  ceramic  fila¬ 
ment  to  determine  the  local  flame  temperature. 
The  two-color  technique  utilizes  two  different 
colored  laser  light  sheets  to  mark  particles  in  a 
flowfield  as  a  function  of  time  and  remove 
direction  ambiguities  which  arise  with  single¬ 
color  velocimetry  techniques.  Both  techniques 
require  a  CCD  camera  to  capture  multipoint 
spatial  information.  The  TFP  and  two-color  PIV 
techniques  along  with  their  flame  applications 
are  discussed  below. 

THIN-FILAMENT  PYROMETRY 

Background 

The  TFP  technique  relies  upon  the  blackbody 
emission  from  a  thin  ceramic  filament  (SiC)  for 
measurement  of  the  temperature  distribution  in 
a  combusting  flowfield.  The  emission  is  recorded 
spatially  along  the  length  of  the  filament,  allow¬ 
ing  the  radial  temperature  distribution  to  be 
evaluated.  The  filament  is  made  of  commercially 
available  ultrafine  p-SiC. 1  The  filament  diameter 
is  15  urn,  and  its  thermal  conductivity  is  rela¬ 
tively  low,  being  -  10  kcai/m  hr  °C  along  the 
filament  axis  at  room  temperature.  This  is  -  40 
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times  loweT  than  the  thermal  conductivity  of  Pt- 
PtRh  wire,  which  drastically  reduces  the  spread 
in  the  temperature  profile  along  the  filament. 
Because  of  its  small  size,  the  filament  can 
respond  quickly  to  temperature  changes  in  its 
surroundings;  its  high  emissivity  (0.88),  which  is 
constant  over  the  temperature  range  of  interest, 
allows  quantitative  conversion  of  filament  inten¬ 
sity  to  temperature.  The  technique  has  been 
applied  to  several  flame  studies  involving  non¬ 
sooting  laminar,2  turbulent,3'4  and--more 
recently— sooting  flames.5  The  thermal  proper¬ 
ties  of  the  filament  were  modeled  (steady-state) 
in  two  earlier  studies,6'7  and  a  full  non-steady 
time-dependent  heat-transfer  model  has  been 
developed  recently.8  Because  of  the  strong 
dependence  of  the  response  of  the  filament  upon 
the  Reynolds  number  and  the  thermal  properties 
of  the  flowfield,  the  time-dependent  heat  trans¬ 
fer  model  will  be  discussed  in  detail. 

Theoretical  and  Numerical  Model 

From  the  consideration  of  the  energy  balance, 
the  temperature  change  for  a  thin-filament  ele¬ 
ment  with  length  dx  is  found  to  be  governed  by9 

pCpV^  ”  -hApCTf  -T^OEApOt  -  Tl)+|cA,(Ji  l»-£&  U  (1) 

(a)  (b)  (c) 

convection  radiation  conduction 

where  p  is  the  density  of  the  filament,  Cp  its  heat 
capacity,  V  volume,  Tf  filament  temperature,  t 
time,  h  convective  heat-transfer  coefficient,  Ap 
surface  area,  T,  gas  temperature,  e  emissivity  of 
the  filament,  o  Stefan-Boltzmann  constant,  T„ 
room  temperature,  k  thermal  conductivity,  A| 
cross-sectional  area,  Ir  marker  of  the  right- 
hand  side  of  the  control  volume.  II  marker  of  the 
left-hand  side  of  the  control  volume,  r  radius  of 
the  filament,  and  dx  length  of  the  filament 
element.  In  Eq.  (1),  (a)  represents  the  con¬ 
vective  heat-transfer  term,  (b)  the  radiation 
term,  and  (c)  the  conduction  term.  By  utilizing 
the  thermal  properties  of  the  filament  and  the 
surrounding  air  in  Eq.  (1),  the  relative  contri¬ 
butions  from  the  various  heat-transfer  terms  can 
be  evaluated  and  the  response  of  the  filament 
determined. 

The  response  curve  of  the  filament,  calculated 
by  means  of  experimentally  determined  heat- 
transfer  coefficients,8  is  presented  in  Fig.  1.  The 
input  function  for  this  plot  was  sinusoidal, 
having  a  temperature  of  2300  K  and  a  minimum 
temperature  of  900  K-a  difference  of  1400  K. 
The  input  frequency,  Fq,  varied  from  20  to  1000 


Hz.  The  phase  delay  of  the  filament  response 
(dashed  line)  and  the  difference  between  the 
maximum  and  minimum  filament  temperature 
(solid  line)  are  plotted  as  functions  of  frequency 
in  Fig  1.  Under  low-frequency  modulation  the 
filament  responds  with  only  a  small-amplitude 
attenuation  and  phase  delay.  As  the  thermal- 
input  frequency  increases,  however,  the  mag¬ 
nitude  of  the  attenuation  and  the  phase  delay 
increases  significantly.  Recently  the  response 
data  shown  in  Fig.  1  were  verified  experimen¬ 
tally  by  Chen,  et  al .* 


ftaqumorPtt) 


Fig.  1.  Plot  of  filament  response  and  phase-angle 
delay  as  function  of  thermal  input  fre¬ 
quency. 

To  verify  the  utilization  of  the  filament  to 
track  the  time  variation  of  the  flame,  the  ther¬ 
mal  code  was  used  to  simulate  the  response  of 
the  thin  filament  under  an  oscillating  flame  con¬ 
dition.  The  input  function  used  for  this  purpose 
was 

T.(x,t)-Tdexp{-(^)2]  +  T„ 

(2) 

Xf  =  *(,  +  Lf  sin(2p) 
t*o 

where  xf  is  the  instantaneous  flame-surface 
position,  xf0  reference  flame  position,  Lf  magni¬ 
tude  of  the  flame-surface  oscillation,  F0  oscil¬ 
lation  frequency  for  the  simulation,  T.  =  300  K, 
and  Ta  *  1700  K.  The  temperature  difference 
between  ambient  air  and  the  flame  surface  was 
set  to  1700  K,  corresponding  to  the  adiabatic 
flame  condition  for  a  methane  or  propane  flame. 
A  portion  of  the  input  thermal  function  for  a 
500-Hz  oscillation  is  shown  in  Fig.  2(a).  The 
filament  response,  Tf,  to  the  input  thermal  wave 
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as  a  function  of  axial  position  and  time  is  plotted 
in  Fig.  2(b).  At  this  high  modulation  frequency, 
the  temperature  response  of  the  filament  is 
slightly  attenuated  and  displays  a  phase  delay, 
as  shown  in  Fig.  2(c).  From  this  type  of  trace 
function,  statistical  quantities  such  as  mean 
flame  position,  fluctuation  magnitude,  and 
instantaneous  flame-fluctuation  velocity  can  be 
calculated.  It  was  determined  that  these  statisti¬ 
cal  quantities  for  the  input  and  output  functions 
agree  within  15%  for  a  500-Hz  modulation.  For  a 
50-Hz  oscillation  which  is  typical  of  the  jet  dif¬ 
fusion  flames  studied  by  the  TFP  technique  to 
date,  the  input  and  output  functions  are  indistin¬ 
guishable. 

The  development  of  an  accurate  thermal 
model  of  the  filament  response  allows  compen¬ 
sation  for  the  amplitude  attenuation  and  phase 
delay  at  high  frequencies.  This  procedure 
requires  knowledge  of  the  constituent  gases  and 
their  thermal  properties  as  well  as  the  velocity 
field.  Chen,  et  a/.,8  recently  demonstrated  that 
the  response  time  of  the  filament  under  differ¬ 
ent  flow  conditions  can  be  measured  directly.  In 
this  work  the  filament  is  placed  in  the  flowfield 
to  be  studied  and  heated  by  a  chopped  CW-CO2 
laser.  Because  the  response  of  the  filament 
under  these  conditions  is  dominated  by  convec¬ 
tive  heat  transfer  [(term  a  in  Eq.  (1)],  the  experi¬ 
mentally  measured  decay  time  of  the  heat  pulse 
on  the  filament  allows  the  convection  term  to  be 
measured  directly.  This  simplifies  the  need  for  a 
complete  knowledge  of  the  constituents  and  the 
flowfield  and  allows  evaluation  of  the  frequency 
response  of  the  filament. 

Multipoint  Measurements  and  Soot 
Compensation 

Early  studies  conducted  with  the  TFP  tech¬ 
nique  were  directed  toward  taking  advantage  of 
its  high-speed  thermometric  capabilities  which 
involved  capturing  the  emission  along  the 
length  of  the  filament  with  a  rotating-mirror 
arrangement.  Temperature  and  flame-position 
information  along  the  filament  as  a  function  of 
time  was  obtained  in  this  manner  and  utilized  in 
the  study  of  laminar  and  turbulent  jet  diffusion 
flames.2'4  The  temperature  of  the  filament  is 
determined  by  ratioing  the  observed  emission 
intensity  to  that  from  a  flame  of  known  tem¬ 
perature.  The  ratioed  intensity  is  then  con¬ 
verted  to  temperature  using  a  calibration  curve. 
Once  the  temperature  has  been  determined  in 
this  manner,  it  must  be  corrected  for  radiative 
heat  losses.  The  extent  of  this  correction  is 
dependent  upon  the  magnitude  of  the  convec¬ 
tive  heat  transfer. 
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Fig.  2.  Plots  of  (a)  Input  thermal  wave  (500  Hz) 
for  modeling  reactance  of  filament;  (b) 
Output  response  of  thin  filament  to  input 
thermal  wave;  and  (c)  Trace  of  peak 
filament  temperature  for  500-Hz  thermal 
excitation  wave  (solid  line  -  input  wave; 
dashed  line  -  filament  response). 
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To  extend  the  capability  of  the  technique 
to  multifilament  measurements,  a  ten-filament 
rake  system  was  devised  for  suspending  multi¬ 
ple  filaments  in  a  flame;  the  emission  from  each 
filament  was  captured  by  a  1024  x  1024  pixel 
CCD  camera,  isolateu,  normalised  (to  u<e  emission 
from  a  flame  of  known  temperature),  and  con¬ 
verted  to  a  temperature.  The  use  of  a  CCD 
camera  allows  imaging  not  only  of  multiple  fila¬ 
ments  but  also  of  the  surrounding  emission  of 
the  flame.  In  the  case  of  a  sooting  flame,  the 
blackbody  emission  from  the  soot  must  be  sepa¬ 
rated  from  the  filament  emission  to  allow  tem¬ 
perature  measurements.  Separation  of  the  soot 
from  the  filament  emission  is  a  multistep  process 
involving  determination  of  the  filament  loca¬ 
tions,  fitting  of  the  soot  background,  subtraction 
of  the  fitted  background  from  the  filament 
emission,  and  final  conversion  to  temperature. 
For  isolation  of  the  filaments  and  determination 
of  their  exact  location,  a  one-dimensional 
Laplacian  operator  was  employed.  This  operator 
acts  as  a  high-spatial-frequency  bandpass  filter 
in  the  direction  perpendicular  to  the  filaments 
and  allows  the  filaments  to  be  isolated  from  the 
slowly  varying  soot  background.  The  filament 
locations  are  then  extracted  and  used  in  deter¬ 
mining  the  background  subtraction.  Next,  the 
surrounding  soot  emission  on  both  sides  of  the 
filament  (in  the  perpendicular  direction)  is  fit 
with  a  fourth-order  polynomial  and  used  to 
estimate  the  soot  contribution  at  the  filament 
location.  The  background  is  then  subtracted 
from  the  filament  in  the  original  image  and  the 
resulting  background -free  image  converted  to  a 
temperature  in  the  normal  manner. 

This  technique  has  been  recently  applied  to 
the  study  of  a  low-velocity  propane  jet  diffusion 
flame  dominated  by  buoyancy  and  displaying 
low-frequency  (14-Hz)  structures  which  can  be 
used  for  synchronization.  This  flame  has  been 
the  subject  of  an  intensive  experimental  and 
numerical  study,  the  results  of  which  were 
reported  by  Chen,  et  al.s  Figure  3  displays  this 
sooty  flame  and  the  resulting  temperatures 
determined  by  the  multifilament  TFP  technique. 

TWO-COLOR  PARTICLE-IMAGING 
VELOCIMETRY 

Background 

In  complex  fiowfields,  i.e.,  recirculating  flows, 
it  is  important  to  obtain  an  instantaneous  two- 
dimensional  picture  of  the  entire  flowfield  rather 
than  be  restricted  to  a  pointwise  time-averaged 


Fig.  3.  Multiple-filament  emission  recorded  in 
sooty  jet  diffusion  flame  with  derived 
temperatures  superimposed. 

map.  Several  techniques  have  been  reported  in 
the  literature  which  have  the  capability  to  deter¬ 
mine  the  velocity  of  a  two-dimensional  flowfield. 
These  techniques  can  be  divided  into  three  cate¬ 
gories;  particle-tracking  schemes,10'17  time-of- 
flight  techniques,  >8-20  and  laser  Doppler 
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methods.21*24  For  low-to-moderate  velocity 
flowfields,  particle-tracking  techniques  are  effi¬ 
cient,  offering  a  wide  velocity  range  and  allowing 
two-dimensional  measurement  of  the  velocity 
flowfield.  Particle  tracking,  or  particle-image 
velocimetrv  fDIVi.  is  basically  an  extension  of 
speckle  photography  which  has  been  employed 
extensively  in  solid  mechanics.  The  PIV  tech¬ 
nique  consists  of  I)  double  pulsing  a  particle¬ 
laden  flowfield,  2)  recording  the  scattered  light 
either  by  conventional  photography  or  hologra¬ 
phy,  and  3)  processing  the  photographs  to  obtain 
velocity  information.  While  the  first  two  steps 
are  relatively  simple  to  implement,  the  data 
analysis  is  typically  complex  and  requires  com¬ 
puterized  image  processing. 

Image  Analysis 

The  two-color  PIV  technique  utilizes  color  to 
remove  directional  ambiguities  and  reduce 
tracking  errors  However,  because  the  standard 
Young's-fringe1  analysis  approach  cannot  distin¬ 
guish  the  different-color  particle  fields,  an  alter¬ 
native  coirelation-tTacker  analysis  approach  was 
developed.  The  analysis  procedure  consists  of 

1)  digitizing  the  color  negative  with  a  CCD  array, 

2)  determining  the  spatial  locations  of  the  digi¬ 
tized  particle  images,  3)  constructing  a  correla¬ 
tion  map  from  which  the  most  probable 
displacement  vector  can  be  determined,  and  4) 
using  this  information  in  a  tracker  which  identi¬ 
fies  green/red-particle  vector  pairs  from  the 
digitized  image. 

Determination  of  Particle  Coordinates 

In  the  present  study  in  order  to  take  full 
advantage  of  the  resolution  available  with  the 
color  film  on  which  images  were  recorded  (~100 
line  pairs  per  mm),  an  enlarger  was  used  to 
subdivide  the  image  for  analysis.  An  automated 
x,y,z  traversing  mechanism  was  used  to  set  the 
position  of  the  enlarger  to  within  20  mm  in  any 
direction.  Each  section  of  the  enlarged  image 
was  digitized  twice  using  a  CCD  camera  system. 
The  first  digitized  image  was  taken  with  a  green 
filter  for  identifying  the  green-particle  images 
and  the  second  with  a  red  filter  for  identifying 
the  red-particle  images.  These  digitized  images 
were  processed  in  an  identical  manner  to  deter¬ 
mine  the  coordinates  of  the  green  and  red 
particles. 

A  typical  digitized  image  displays  peaks  asso¬ 
ciated  with  the  particles  superimposed  on  a 
slowly  varying  background.  In  order  to  simplify 
procedures  for  finding  the  coordinates  of  each 


particle,  components  of  the  background,  which 
are  constant  or  slowly  varying  over  the  scale  of 
the  particle  size,  are  removed  by  application  of  a 
two-dimensional  Laplacian  operator  to  the  digi¬ 
tized  image.  This  Laplacian  operator  basically 
acts  as  a  spatia*-fr*'V'encv  filter,  passing  high- 
frequency  (small-size)  components  of  the  image 
but  suppressing  low-frequency  (background) 
components.  The  panicle  images  can  be  further 
enhanced  above  the  background  and  film  noise  if 
the  step  size  of  the  Laplacian  operator  is 
approximately  the  panicle  size.  Next,  the  proc¬ 
essed  image  is  scanned  in  two  dimensions  for 
local  maxima,  and  a  series  of  tests  is  performed 
to  identify  those  local  maxima  which  correspond 
to  panicles. 

Determination  of  Most  Probable  Vector 
Displacement 

Several  methods  have  been  used  to  deter¬ 
mine  the  most  probable  displacement  (correla¬ 
tion)  for  vector  pairs  in  a  section  of  the  image. 
The  histogram  (correlation-map)  approach  which 
was  found  to  be  computationally  efficient 
was  utilized  for  this  study.  In  the  histogram 
approach,  a  correlation-histogram  map  is 
constructed  from  the  green-  and  red-particle 
images;  the  maximum  of  these  images  contains 
the  most  probable  displacement  vector.  The 
software  for  this  analysis  functions  by  first  find¬ 
ing  an  initial  particle  image  in  the  green  digitized 
image.  The  exact  location  of  the  green  particle  is 
determined  and  used  for  mapping.  A  120  x  120 
pixel  area  of  the  red-particle  image  centered 
about  the  green-particle  coordinates  is  then 
copied  into  a  histogram  map  (correlation  space). 
This  procedure  is  then  repeated  for  all  the 
green-particle  images  and  their  associated 
surrounding  fields  in  the  red-particle  images. 
This  process  is  represented  mathematically  by 

H(  £,  V  )  -  X  g(  Xc  ,  yc )  r  (  Xc  -  yc  -  y )  (3) 

n 

where  H($,  *)  is  the  correlation  histogram,  g(Xc, 
yc)  center  coordinates  of  the  green-particle 
images,  r(x  -  tc.  y  *  *c)  red-particle  images  sur¬ 
rounding  the  green  particle  being  mapped,  and 
the  summation  is  over  all  green-particle  images. 

As  green/red-particle  pairs  having  the 
same  velocity--and,  thus,  di$placement--are 
mapped  onto  correlation  space,  peaks  are  built 
up.  The  maximum  of  this  map  corresponds  to 
the  most  probable  displacement  from  the  center 
coordinate,  illustrated  in  Fig.  4.  If  only  a  single¬ 
color  image  had  been  used  instead  of  a  two-color 
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Map  Map 
Center  Peak 


Fig.  4.  Correlation  map  of  two-color  PIV  double- 
pulsed  image.  Notice  absence  of  self¬ 
correlation  center  peak. 

image,  the  resulting  correlation  map  would  have 
been  symmetric  and  centered  about  a  large  self¬ 
correlation  peak  at  the  center  of  the  map.  The 
result  would  have  been  a  180-deg.  directional 
ambiguity  which  would  have  had  to  be  resolved 
by  phase  shifting  or  by  having  a  priori  knowl¬ 
edge  of  the  flowfield.  Because  only  the  red- 
particle  images  were  mapped  into  the  histogram 
with  respect  to  the  green,  neither  the  self¬ 
correlation  peak  nor  the  symmetry  and  assoiated 
180-deg.  directional  ambiguity  is  observed  in 
this  figure.  Thus,  both  displacement  and  direc¬ 
tional  information  are  determined  from  the  his¬ 
togram  map.  The  analysis  software  determines 
the  direction  and  displacement  by  searching  for 
the  maximum;  the  displacement  is  then  deter¬ 
mined  from  the  maximum  to  the  center,  which 
corresponds  to  the  most  likely  velocity  and 
direction  averaged  over  the  x,y  array  examined. 
For  determining  the  individual  velocity  vectors, 
a  tracker  must  be  employed. 

Determination  of  Vector  Pairs  (Tracker) 

A  tracker  routine  was  developed  to  permit 
use  of  the  average  velocity  and  directional 
information  obtained  from  the  correlation  map 
to  find  green/red -particle  pairs  which  fit  this 
value  within  a  preset  uncertainty.  The  tracker, 
starting  from  each  green-particle  image,  adds 
the  most  probable  vector  displacement  and 


searches  for  the  corresponding  red-particle  peir. 
If  a  red  particle  is  present  at  the  projected 
coordinates,  then  a  velocity  match  is  made  and  a 
vector  drawn.  If  no  red  particle  is  found  at 
these  coordinates,  <t  sinaii  window  is  opened 
around  the  target  coordinates;  this  window  is 
expanded  incrementally  to  a  selected  percentage 
of  the  vector  length.  Figure  5  is  a  graphical  rep¬ 
resentation  of  this  process.  If  the  number  and 
size  of  the  window  increments  become  too  large, 
the  number  of  erroneous  matches  may  become 
large.  Generally,  good  results  are  obtained  with 
three  window  increments,  with  the  maximum 
increment  being  20%  of  the  vector  length.  The 
tracker  portion  of  the  analysis  is  very  efficient, 
with  normally  <  30  sec  being  required  to  process 
a  full  384  x  376  digitized  image.  The  combina¬ 
tion  of  correlator  and  tracker  was  found  to  be 
the  most  efficient  and  effective  approach  in 
determining  velocity  vectors  in  the  two-color 
images  recorded  in  this  study. 

Application  to  Jet  Diffusion  Flame 

The  experimental  arrangement  for  two-color 
PIV  measurements  is  shown  in  Fig.  6.  Two 
separate  Nd:YAG  lasers  are  used  in  forming  the 
different-color  light  sheets  for  exposing  the 


Fig.  5.  Schematic  illustration  of  two-color  PIV 
tracker.  Most  probable  velocity  vector  is 
drawn  from  each  green-particle  image 
(#)  to  locate  corresponding  red-particle 
image  (+).  Case  (1)  depicts  exact  match; 
Case  (2),  match  obtained  with  first 
uncertainty  box;  Case  (3).  no  match:  Case 
(4),  match  obtained  with  second 
uncertainty  box. 
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Fig.  6.  Schematic  diagram  of  experimental 

arrangement  utilized  for  study  of  two- 
color  PIV  technique  on  propane  jet  dif¬ 
fusion  flame.  Both  a  Nd:YAG  and  a 
Nd:Y AG-pumped  dye  laser  are  employed 
for  sheet  lighting  of  flame 

position  of  the  particles  in  the  seeded  flowfield. 
The  green-laser  light  sheet  is  formed  from 
the  doubled  output  of  a  Nd:YAG  laser  (Quanta- 
Ray  DCR  1A)  at  532  nm.  The  second  laser 
employed  for  the  red-laser  light  sheet  is  a 
broadband  dye  laser  operating  at  607  nm.  The 
outputs  from  both  the  dye  and  Nd:YAG  lasers  are 
combined  by  a  dichroic  mirror  and  directed  into 
sheet-forming  optics.  These  optics  consist  of  a 
cylindrical  lens  which  spreads  the  laser  beams 
two  dimensionally  and  a  plano-convex  lens 
which  controls  the  beam  waist  of  the  laser 
sheets.  The  laser  sheet  was  -  10  cm  in  height 
and  1  mm  in  thickness  in  the  test  area. 

A  Nikon  35-mm  format  camera  was  used  to 
record  the  Mie  scattering  from  the  seeded  flow- 
field.  A  macro  zoom  lens  operating  with  an  f/8.4 
aperture  was  employed  for  obtaining  the  images 
reported  in  this  study.  This  lens-aperture  com¬ 
bination  resulted  in  a  magnification  factor  of 
0.39.  To  reduce  the  contribution  of  the  soot 
emission  of  the  flame,  a  Uniblitz  high-speed 
camera  shutter  operating  at  a  1/500-sec.  expo¬ 
sure  was  employed.  Synchronization  of  the 
camera  shutter  with  the  laser  firing  was  con¬ 
trolled  by  custom-built  timing  electronics.  The 
100  ASA  color  film  used  to  record  the  two-color 
PIV  images  was  developed  commercially.  After 
processing,  the  film  was  digitized  by  a  384  x  576 
Thompson  CCD  array  camera  (Photometries,  Ltd.) 
using  a  film  projector  to  enlarge  a  section  of  the 
film  onto  the  camera.  Each  section  of  the  film 
was  digitized  twice-once  with  a  green-color  fil¬ 
ter  and  then  with  a  red-color  filter.  The  digi¬ 
tized  film  sections  typically  covered  a  1.5  cm2 


area  of  the  recorded  image  (which  was  -  54 
cm2).  This  corresponded  to  a  pixel  resolution  of 
-  20  um  which  was  considered  to  be  adequate  for 
capturing  the  particle  images.  The  35-mm  film 
was  typically  divided  into  36  segments  which 
were  digitized  and  stored  on  magnetic  tape  for 
analysis. 

The  experimental  arrangement  for  the  jet 
diffusion  flame  consisted  of  a  round  central  jet  of 
22.5-mm  diam.  surrounded  by  an  annular 
coflowing  air  jet  of  254-mm  diam.  The  velocities 
of  the  central  fuel  jet  and  annular  air  were  -10 
and  -15  cm/sec.,  respectively.  The  fuel  used  in 
this  study  was  propane  diluted  with  50%-by- 
mass  of  nitrogen.  This  flame  has  been  studied 
experimentally  using  the  reactive  Mie  scattering 
(RMS)  and  thin-filament  pyrometry  (TFP)  tech¬ 
niques  in  which  visualization  and  temperature 
profiles  were  obtained  and  compared  with 
numerical  predictions  of  Davis,  et  al.25'26  Both 
experimental  and  numerical  evidence  indicates 
that  the  low-velocity  propane  jet  is  unusual  in 
that  a  stagnation  (weak-recirculation)  zone  is 
established  approximately  two  diameters  down¬ 
stream  of  the  nozzle.  The  presence  of  this  stag¬ 
nation  zone  is  due  to  the  high  density  of  propane 
which  tends  to  overcome  the  weak  momentum 
of  the  fuel  jet,  eventually  halting  the  upward 
fuel  flow.  It  is  thought  that  the  flame  develops 
downstream  from  the  stagnation  zone  due  to  the 
acceleration  effects  of  buoyancy.  This  flowfield 
is,  thus,  relatively  complex  and  a  good  test  for 
two-dimensional  velocity  methods  which  can 
distinguish  direction. 

A  500-msec  time  separation  between  the 
green-  and  red-laser  sheets  was  used  for  this 
study.  Assuming  a  maximum  velocity  in  the 
flowfield  of  3  m/sec,  the  minimum  spatial  reso¬ 
lution  is  -  1.5  urn.  The  lowest  velocity  is  deter¬ 
mined  from  the  minimum  particle  separation 
divided  by  the  time  separation  between  laser 
pulses.  For  the  collection  optics  and  film  used  in 
this  study,  this  corresponded  to  a  particle  sepa¬ 
ration  of  ~  15  u>n,  and  the  lowest  detectable 
velocity  was  thus  -  0.03  m/sec.  The  seed 
employed  in  this  study  was  alumina  of  -  1  |im 
nominal  size.  The  seed  was  injected  both  into 
the  fuel  jet  and  coannular  air  jet  prior  to  exiting 
the  tubes. 

The  processed  two-color  PIV  image  for  the 
2.54-cm  propane  jet  is  shown  in  Fig.  7.  The  ini¬ 
tial  velocity  of  the  fuel  jet  was  ~  0.15  m/sec  at 
the  nozzle  exit.  As  the  fuel  jet  progressed 
downstream,  the  velocity  of  the  jet  decayed, 
approaching  zero  at  -  1.5  diameters  downstream. 
The  development  of  the  stagnation  zone  was  due 
to  the  high  density  of  the  propane  fuel  which 
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Fig.  7.  Processed  velocity-vector  map  of  propane 
jet  diffusion  flame.  Solid  line  in  flow 
represents  visible  flame  surface. 


overcame  the  initial  momentum  of  the  fuel  jet. 
Just  above  this  stagnation  zone  the  fuel  jet  accel¬ 
erated  due  to  the  proximity  of  the  fast  hot 
burning  gases.  Notice  that  these  hot  regions 
display  a  velocity  much  higher  than  that  of  the 
cold  central  fuel  jet.  This  high  velocity  is 
thought  to  be  due  to  the  buoyancy  effect  which 
accelerates  the  hot  (low-density)  combusting 
gases.  The  gases  in  the  combusting  areas  reach  a 
velocity  of  ~  3  m/sec.  Notice  the  cooler  outer  air 


being  entrained  into  the  flame  at  downstream 
locations.  This  process  acted  to  mix  burning  fuel 
with  air  and,  thus,  sustain  combustion  at  down¬ 
stream  locations.  The  existence  of  the  stagnation 
zone  and  the  flowfield  acceleration  due  to  buoy¬ 
ancy  have  been  qualitatively  demonstrated  by 
the  RMS  flow-visualization  technique  on  this  jet 
diffusion  flame.23  Numerical  results  of  Davis,  el 
al.,25-5  have  confirmed  the  importance  of  the  role 
of  buoyancy  in  establishing  the  unique  character 
of  this  flame. 

CONCLUSIONS 

The  influence  of  the  thermal  characteristics 
upon  the  spatial  and  temporal  response  of  the 
thin  SiC  filament  utilized  in  the  TFP  technique 
has  been  evaluated  by  a  numerical  model.  The 
numerical  simulation  showed  that  the  convection 
term  is  dominant  over  the  conduction  and  dissi¬ 
pation  terms;  thus,  the  filament  possesses  high 
temporal  response  and  spatial  response  suitable 
for  tracking  the  motion  of  the  flame.  Also,  for  a 
typical  lifted  flame-base  motion  with  measured 
flow  velocities  of  -  2.0  m/s  and  fluctuation  fre¬ 
quencies  of  -  50  -  12S  Hz,  the  filament  can  accu¬ 
rately  track  the  flame  motion.  For  a  modulation 
frequency  >  500  Hz,  the  "Peking  error  was 
determined  to  be  <  15  %.  The  addition  of  a  CCD 
camera  in  the  TFP  technique  allows  imaging  of 
multiple  filaments  as  well  as  the  flame  back¬ 
ground  emission.  This  allows  the  emission  from 
a  sooty  flame  to  be  captured  and  compensated. 

The  two-color  PIV  technique  has  the  advan¬ 
tage  that  direction  as  well  as  particle  displace¬ 
ment  is  uniquely  determined  since  the  green 
particle  image  occurs  before  the  red  one  by  a 
known  time  increment.  The  technique  is,  thus, 
applicable  to  complex  flowfields  (i.e.,  recirculat¬ 
ing),  where  the  normal  180-deg.  directional 
ambiguity  of  single-color  techniques  can  be 
troublesome.  Velocity  measurements  employing 
the  two-color  PIV  technique  on  a  propane  jet 
diffusion  flame  indicated  that  the  large  change  in 
flow  speed  and  direction  associated  with  this 
flowfield  can  be  studied  by  this  technique. 
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Abstract  The  performance  of  a  combined  CaRS/LDA  instrument 
capable  of  measuring  temperature  and  two  velocity  components 
with  a  time  coincidence  of  about  4  ps  is  evaluated  in  a  turbulent 
premixed  propane-air  Bunsen-bumer  flame.  Measurements  near 
the  base  of  the  flame  exhibit  negative  axial  correlations, 
indicative  of  normal  gradient  transport;  those  near  the  flame  tip 
show  strong  positive  axial  correlations,  indicative  of  transport 
counter  to  the  temperature  gradient.  The  radial  correlations  are 
positive  both  in  the  reaction  zone  and  in  the  plume.  An  analysis 
of  temperature  data  from  measurements  made  (1)  independent  of 
and  (2)  coincidental  with  LDA  measurements  indicates  that  the 
CARS/LDA  instrument  provides  a  density-weighted  velocity, 
temperature,  and  velocity  temperature  correlation  due  to  the 
density  variations  in  the  flame. 


1  Introduction 

Experimental  studies  of  turbulent  transport  processes  are 
very  difficult  because  simultaneous  measurements  of 
velocity  and  a  scalar  variable  are  required.  The  develop¬ 
ment  of  laser  Doppler  anemometry  (LDA)  has  provided 
the  means  for  measuring  velocities  in  combusting  flows; 
however,  reliable  scalar  measurements  have  proven  to  be 
much  more  difficult.  Shepherd  and  Moss  (1983),  Shepherd 
et  al.  (1982),  Tanaka  and  Yanagi  (1983),  Yanagi  and 
Mimura  (1981),  and  Heitor  et  al.  (1984)  combined  LDA 
with  a  thermocouple  to  make  simultaneous  temperature 
and  velocity  measurements  in  premixed  flames.  Brum  et 
al.  (1983)  used  LDA  and  a  thermocouple  to  study  a 
complex  diffusion  flame.  Pulsed  Raman  and  LDA  were 
combined  in  studies  conducted  by  Warshaw  et  al.  (1981), 
Lederman  and  Posillico  (1981),  and  Dibble  et  a1  (1984). 
Simultaneous  density  and  velocity  measurements  were 
made  by  Dibble  et  al.  (1981)  using  Rayleigh  scattering 
and  LDA.  Mie  scattering  and  LDA  were  used  by  Stamer 
and  Bilger  (1980)  to  obtain  mixture  fraction  and  velocity 
correlations.  Coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  and  LDA  have  been  used  by  Fujii  et  al.  (1983), 
Fujii  et  al.  (1984),  and  Goss  et  al.  (1984a,  b)  to  obtain 
velocity-temperature  correlations. 


A  combined  CARS/LDA  instrument  designed  for 
simultaneous  measurements  of  velocity  and  temperature 
in  reacting  flows  is  described  herein.  This  instrument  was 
developed  to  minimize  the  time  difference  between 
velocity  and  temperature  measurements.  The  advantages 
of  combining  the  LDA  and  CARS  instrument  are:  (1)  the 
demonstrated  ability  of  CARS  to  obtain  temperatures  in 
diverse  flame  environments,  (2)  the  nonintrusive  nature  of 
the  measurements,  and  (3)  the  ability  to  examine  the 
effects  of  seed  biasing.  The  last  advantage  is  quite 
significant  in  demonstrating  the  density-weighted  bias 
error  which  occurs  with  the  LDA  measurement.  The  density 
bias  affects  not  only  the  average  temperature  and  velocity 
measurements  obtained  simultaneously  but  also  the  correla¬ 
tions  between  the  velocity  and  temperature,  as  will  be 
discussed  in  detail  in  this  paper. 

2  CARS  instrument 

The  design  and  the  data-reduction  routines  of  the  CARS 
instrument  (Fig.  I)  have  been  discussed  in  detail  by  Goss 
et  al.  (1983  b).  and  only  the  salient  features  will  be 
mentioned  here.  The  frequency-doubled  output  from  a 
Quanta-Ray  DCR-2  Nd:YAG  laser  was  used  to  pump  a 
broadband  dye  laser  (oscillator-amplifier  combination).  It 
was  also  used  as  the  pump  beam  in  the  CARS  process.  A 
folded  BOXCARS  configuration  was  used  to  achieve  a 
spatial  resolution  of  2  mm  along  the  major  beam  axis. 
This  system  was  designed  to  acquire  CARS  data  at  a 
10-Hz  rate  which  required  interfacing  to  a  minicomputer 
for  control  of  the  data  acquisition.  Data  reduction  consist¬ 
ed  of  fitting  the  observed  N:  CARS  spectral  band-shape 
by  means  of  a  nonlinear  least-squares  iterative  routine. 

The  primary  differences  between  the  CARS  system 
described  by  Goss  et  al.  (1983a)  and  the  system  used  in 
this  study  are  associated  with  a  change  in  the  photodiode- 
array  detector.  The  previously  used  TN  1223  detector  was 
replaced  with  a  TN6I32  1024-element  detector.  The  latter 
detector,  when  directly  compared  with  the  former,  dis¬ 
played  less  cross-talk,  a  larger  dynamic  range,  and  little,  if 


47 


190 


KxpenmenLs  in  Fluids6(|988> 


Fig.  I.  Optical  layout  of  the  combined  CARS/LDA  instrument 


any.  memory  retention  As  a  result,  the  splitter  arrange¬ 
ment  as  well  as  the  data-acquisition  software  of  the 
previous  system  could  be  simplified.  Calibration  of  the 
new  detector  has  been  described  by  Goss  et  al.  (1983  b). 
This  CARS  system  displayed  80-K.  precision  for  repeated 
single-shot  temperature  measurements  and  10-K  accuracy 
in  lime-averaged  measurements,  as  compared  to  a 
chromel-alumel  thermocouple. 


3  LDA  instrument 

The  LDA  system  shown  in  Fig.  1  was  built  by  Lightman 
et  al.  (1983)  and  is  a  two-velocity-component,  real-fringe 
system  based  on  polarization  separation  of  the  velocity 
components.  The  spatial  resolution  was  3  mm.  The  pro¬ 
cessor  electronics  consisted  of  two  1V90TSI  burst-counter 
processors  which  were  modified  to  permit  coincident 
velocities  as  well  as  CARS  data  to  be  obtained.  A  com¬ 
puter  interface  allows  data  rates  in  excess  of  30.000 
velocities/s  to  be  transferred  and  stored  on  a  mini¬ 
computer.  A  40-MHz  Bragg  shifter  was  used  to  remove 
direction  ambiguities  in  the  experiments  reported  by  Goss 
et  al.  (1984b)  This,  however,  resulted  in  a  relatively 
coarse  velocity  resolution  (0  5  m/s)  due  to  the  bit  resolu¬ 
tion  of  the  1990  processors.  To  circumvent  this  problem, 
the  40-MHz  signal  was  mixed  with  a  35-MHz  signal, 
resulting  in  a  5-MHz  Doppler  signal  with  a  velocity 
resolution  of  0.06  m/s  which  is  better  suited  for  the  iow- 
velocity  flames  under  study. 

In  the  earlier  studies  conducted  by  Goss  et  al,  (1984a) 
with  the  combined  CARS/LDA  instrument,  TiO;  particles 
were  used  exclusively  as  the  seed  It  was  observed  in  the 
present  work  that  TiO:  displays  a  higher-than-expccted 
dropout  rate  at  high  temperatures.  The  velocity  realization 
rale  is  expected  to  decrease  at  higher  temperatures  due  to 


the  density  weighting  of  the  LDA  measurement  thigh 
temperatures,  low  seed  density).  However,  the  LDA  data 
rate  for  TiO;  was  two  to  three  times  lower  than  could  be 
explained  by  a  density -weighting  mechanism  Several 
suggestions  have  been  made  by  Moss  '1980).  F.brahimi 
and  KJeine  ( 195*7),  and  Kennedy  (19'Ci  to  explain  this 
phenomenon.  For  example,  it  was  suggested  that  TiO; 
may  undergo  a  phase  transition  at  high  temperatures 
which  results  in  a  smaller  scattering  cross  section  and 
reduced  signal  strengths.  It  has  also  been  suggested  that 
the  TiO:  particle  may  break  up  to  form  smaller  particles 
at  high  temperatures,  thus  reducing  the  scattering  cross 
section.  Alumina  particles,  when  tested  under  flame  con¬ 
ditions  similar  to  those  used  with  the  TrOj.  displayed 
close  agreement  with  the  expected  density-weighted  LDA 
data  rates.  Thus,  alumina  seed  particles  were  used  for  the 
experiments  reported  in  this  paper,  unless  otherwise 
stated  The  density-weighted  biasing  will  be  discussed  in 
more  detail  in  a  later  section. 


4  Combined  CARS/LDA  system 

The  Nd.YAG  laser  used  in  the  CARS  experiment 
operates  most  efficiently  at  a  10-Hz  rate,  whereas  the 
LDA  instrument  processes  velocities  at  a  rate  which  is 
related  to  the  passage  of  the  seed  particles  through  the 
fringe  pattern.  Since  particle  arrival  is  random  m  nature, 
the  coupling  of  the  two  instruments  requires  that  random 
events  be  coupled  to  a  Id- Hz  repetitive  event 

The  approach  followed  in  combining  these  two  instru¬ 
ments  involved  creating  a  100-ps  window  during  every 
100-ms  firing  interval  of  the  NdYAG  laser  If  an  LDA 
realization  should  occur  during  this  window,  the  CARS 
laser  would  be  allowed  to  Q-switch.  The  firing  sequence 
of  the  Nd  YAG  laser  consists  of  first  discharging  the 
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flashlamps  to  obtain  a  population  inversion  and  then 
pulsing  t..e  Q-switch  to  depopulate  the  upper  laser  levels 
and,  thereby,  obtain  a  giant  laser  pulse.  The  time  separa¬ 
tion  between  the  flashlamp  discharge  and  the  Q-switch 
pulsing  is  250  ps.  The  100-ps  LDA  window  is  centered 
about  the  optimum  250-ps  delay  after  the  flashlamp 
firing.  The  width  of  the  100-ps  window  was  determined 
experimentally  by  varying  the  time  delay  between  the 
lamp  firing  and  the  Q-switching.  When  the  window  is 
centered  on  the  optimum  delay,  firing  the  Nd:  YAG  laser 
50  ps  on  either  side  of  center  corresponds  to  a  25%  drop  in 
laser  power.  The  net  result  of  such  an  approach  is  that  the 
coincidence  time  is  determined  by  (a)  the  time  required 
by  the  burst-counter  processor  to  determine  the  velocity 
from  Doppler  burst  (4  ps)  and  (b)  the  time  required  for 
the  laser  to  fire  after  the  Q-switch  pulse  has  occurred 
(50  ns).  With  this  method  a  50-m/s  fluid  element  would 
move  only  200  pm  in  the  4-ps  interval  between  velocity 
and  temperature  measurements. 

The  drawback  of  such  an  approach  is  that  a  sub¬ 
stantially  reduced  data-acquisition  rate  is  obtained  due  to 
the  narrow  window  over  which  the  LDA  event  is  accepted. 
With  the  LDA  in  the  free-run  mode,  500  velocity  realiza¬ 
tions  per  second  are  observed  in  the  flame.  With  a  100-ps 
window  opening  every  100  ms,  the  total  sampling  time  per 
second  is  1  ms.  This  allows,  on  the  average,  only  one 
simultaneous  velocity-temperature  measurement  every  two 
seconds. 

The  experimental  arrangement  of  the  combined 
CARS/LDA  instrument  is  displayed  in  Fig.  1.  To  mini¬ 
mize  the  changes  in  optical  configuration  of  the  separate 
systems,  a  counter-propagating  arrangement  was  used  in 
which  the  instruments  were  on  separate  optical  tables.  The 
collimating  lens  and  turning  mirrors  of  the  CARS  system 
were  rearranged  on  the  LDA  optics  table,  while  the 
parabolic  forward-scattering  collection  mirror  of  the  LDA 
system  was  placed  on  the  CARS  table.  This  caused  no 
major  problem  for  either  system  and  also  minimized  the 
number  of  optical  changes  necessary.  To  ensure  overlap¬ 
ping  of  the  measurement  volumes  for  the  two  systems,  a 
100-pm  circular  aperture  was  used  to  locate  and  align  the 
foci  at  a  common  point.  An  80-cm-focai-length  lens  was 
used  with  the  CARS  beams  to  minimize  the  optical 
break-down  caused  by  the  presence  of  a  seed  particle  in 
the  measurement  volume  at  room  temperature.  The 
CARS/LDA  combined  measurement  volume  was  3  mm 
along  the  major  beam  axis. 

The  timing  sequence  for  data  acquisition  is  shown  in 
Fig.  2.  The  CARS  shot  gate  is  initiated  by  a  machine-code 
software  program  from  the  TN  1710  controller  (LSI  1 1/02 
microprocessor).  If  a  velocity  realization  occurs  during  the 
gate,  data  are  transferred  under  direcct-memory-access 
(DMA)  control  to  the  7810  Modcomp  computer  for 
storage  on  a  20-Mbyte  disc  system.  The  data-ready  signal 
from  the  TSI  1990  burst-counter  processor  is  sent  to  the 
TN  1710  unit  which,  in  turn,  sends  the  fire  Q-switch 
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Fig.  2.  Timing  sequence  for  daia-acquisition  for  the  combined 
CARS/LDA  instrument 


command  signal  to  the  Nd:YAG  laser.  The  TN6132 
multichannel  detector  transfers  the  CARS  data  to  the 
spectral-data  memory  (SMD)  of  the  TN  1710  from  which 
the  data  are  transferred  under  DMA  control  to  the  7840 
computer.  Before  the  data  are  transferred  to  the  7840 
computer,  the  least  ten  channels  of  the  1024-channel 
CARS  data  are  overwritten  with  the  shot  count  for  that 
particular  laser  firing.  The  shot  count  is  used  for  book¬ 
keeping  by  analysis  programs. 

For  low-velocity  flows  the  seed  particle  does  not  have 
sufficient  time  to  clear  the  sample  volume  before  the 
CARS  laser  fires;  thus,  potential  problems  related  to  the 
presence  of  the  seed  during  the  CARS  measurement  must 
be  addressed.  Possible  problems  include:  (1)  optical 
breakdown,  which  has  been  discussed.  (2)  a  contribution 
to  the  overall  non-resonant  susceptibility  produced  by  the 
particles,  which  would  effectively  increase  the  measured 
CARS  temperature,  and  (3)  a  reduction  in  the  tempera¬ 
ture  of  the  flame  due  to  heat  loss  in  the  form  of  blackbody 
emission  by  the  seed.  To  determine  whether  the  presence 
of  the  seed  particle  affects  the  CARS  measurement,  an 
experiment  was  conducted  in  which  the  plume  region  of 
the  premixed  flame  was  measured  with  and  without  seed 
particles.  The  result  was  that  the  two  measured  mean 
temperatures  always  agreed  to  within  10  K.  The  10-K. 
difference  is  well  within  the  reproducibility  of  the  burner 
experiments;  thus,  no  major  effects  were  observed  due  to 
the  presence  of  the  seed  particle  in  the  measurement 
volume. 


5  Results  and  discussion 

5.  /  Flame  characteristics 

A  turbulent  Bunsen-burner  flame  was  chosen  for  this 
study  because  experiments  have  demonstrated  that  large 
velocity-temperature  correlations  exist  in  and  around  the 
reaction  zone.  The  detection  of  similar  correlations  with 
the  combined  CARS/LDA  system  would  indicate  that  the 
system  was  functioning  properly.  Yanagi  and  Mimura 
(1981)  and  Tanaka  and  Yanagi  (1983)  observed  both 
positive  and  negative  correlations  in  different  regions  of  a 
premixed  propane-air  flame.  Extensive  mapping  of  the 
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velocity-temperature  correlations  was  carried  out  in  the 
Tanaka  and  Yanagi  (1983)  study  using  a  two-component 
LDA  system  and  a  fine-wire  thermocouple.  Although 
significant  differences  exist  between  that  experiment  and 
the  present  one.  in  general,  the  qualitative  trends  of  the 
time-averaged  flame  characteristics  and  the  velocity- 
temperature  correlations  are  very  similar.  These  similar¬ 
ities  and  differences  will  be  discussed  in  this  section. 

The  Bunsen  burner  employed  by  Tanaka  and  Yanagi 
( 1983)  made  use  of  screens  to  generate  turbulence,  and  the 
flame  was  stabilized  by  a  pilot  flame  surrounding  the 
burner  port.  The  present  investigation  revealed  that  the 
o.cd  particles  clogged  the  screen  when  such  a  burner  was 
operated  for  long  periods  of  time.  With  the  low  data  rates 
being  employed,  it  was  essential  that  the  burner  operate 
stably  for  long  time  periods:  therefore,  the  screen  approach 
was  abandoned. 

The  burner  employed  in  the  present  study  was  a  standard 
Bunsen  burner,  except  that  the  air-inlet  holes  were  covered 
and  the  needle  valve  replaced  to  permit  use  of  a  con¬ 
trolled.  premixed  propane-air  mixture.  Turbulence  and 
flame  stabilization  were  achieved  in  the  burner  by  use  of 
three  intrusions  separated  by  120°  and  located  on  the 
inside  surface  of  the  burner  about  I  cm  from  the  exit.  The 
intrusions  extended  about  2  mm  into  the  mixture  flow. 
Tanaka  and  Yanagi  (1983)  used  a  natural  gas-air  mixture 
with  an  equivalence  ratio  of  0.6:  in  the  present  study,  it 
was  found  that  a  propane-air  mixture  with  an  equivalence 
ratio  of  1.3  provided  a  highly  turbulent,  but  stable,  flame. 

The  tip  of  the  visible  flame  here  was  23  mm  (2.1  D), 
whereas,  the  flame  used  by  Tanaka  and  Yanagi  (1983) 
had  a  visible  length  of  6.2  D.  In  a  comparison  of  the 
results  of  these  two  studies,  it  is  assumed  that  the 
processes  occurring  in  the  respective  reaction  zones  should 
be  similar  if  scaled  by  the  respective  lengths  of  the  visible 
reaction  zone. 

The  average  and  rms  temperature,  axial  velocity,  and 
radial  velocity  at  two  axial  positions  are  plotted  in 
Figs.  3-5.  These  data  were  collected  with  the  CARS  and 
LDA  systems  operating  independently.  Superimposed  on 
these  plots  is  a  time-averaged  display  of  the  premixed 
flame  obtained  from  a  long-exposure  flame  photograph. 
At  an  axial  position  of  15  mm.  just  inside  the  visible  flame 
region,  the  temperature  profile  in  Fig.  3  shows  a  large  dip 
in  the  central  region  of  the  reaction  zone  and  a  peak  in  the 
surrounding  plume:  whereas,  the  rms  fluctuations  peak  at 
the  center  and  decrease  sharply  in  the  plume  region.  As 
noted  in  Fig.  4.  at  this  axial  location,  the  axial  velocity 
and  corresponding  fluctuation  are  nearly  constant  through 
much  of  the  flame.  The  radial  velocity  profile  at  15  mm 
shown  in  Fig.  5  is  similar  to  the  temperature  profile,  with 
a  peak  value  occurring  just  outside  the  flame  zone  very 
near  the  edge  of  the  burner  and  the  fluctuations  being 
nearly  flat.  One  of  the  intrusions  used  to  stabilize  the 
flame  was  inadvertently  located  in  the  measurement  plane 
to  the  right  of  the  cen'<*rlinc.  no  intrusion  occurred  to  the 


Fig.  3.  The  time-averaged  (  T)  and  rms  (0)  temperature  profiles  at 
axial  locations  of  1.5  and  15  mm.  CARS  temperature  measure¬ 
ments  were  made  independently  of  the  LDA  measurements  at  a 
rate  of  10  Hz 


X  (mm) 


Fig.  4.  Time-averaged  ((')  and  rms  (if)  axial  velocity  profiles  at 
axial  locations  of  1.5  and  15  mm.  LDA  measurements  were  made 
independently  of  CARS  measurements  at  an  average  rate  of 
500  realizations/s 
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Fig.  5.  Time-averaged  (f)  and  rms  (v')  radial  velocity  profiles  at 
axial  locations  of  1.5  and  15  mm;  LDA  measurements  were  made 
independently  of  the  CARS  measurements  at  an  average  rate  of 
500  realizations/s 


left  of  the  centerline.  This  is  believed  to  be  the  cause  of 
the  asymmetry  noted  in  Figs.  3-5.  Disregarding  the 
asymmetry,  the  observed  trends  for  the  mean  and  fluc¬ 
tuations  at  the  15-mm  position  are  similar  to  those 
observed  byTanaka  and  Yanagi  (1983)  near  the  bottom  of 
the  visible  flame. 

At  the  1.5-mm  axial  position,  the  flame  is  quite  stable 
and  displays  little  temperature  fluctuation,  as  noted  in 
Fig.  3.  The  mean  temperature  (Fig.  3)  and  radial  velocity 
(Fig.  5)  have  peaks  near  the  plume-reaction  zone  interface 
and  decrease  on  either  side  due  to  the  narrow  width  of  the 
flame  in  this  area.  This  observation  is  different  from  that 
of  Tanaka  and  Yanagi  (1983);  the  peak  temperature 
occurred  at  the  edge  of  their  pilot  burner.  Nevertheless, 
the  time-averaged  characteristics  of  their  flame  and  ours 
are  quite  similar  if  scaled  by  the  visible  flame  length. 

5.2  Bias  errors 

The  individual  CARS  and  LDA  measurements  can  be 
used,  with  conditional  sampling  techniques,  to  determine 
whether  bias  errors  are  present  in  the  combined  CARS/ 
LDA  system.  A  CARS/LDA  measurement  is  initiated  by 
the  presence  of  a  seed  particle  in  the  measurement  volume 
during  the  time  interval  (window)  when  the  CARS  laser  is 
ready  to  fire.  Since  the  distribution  of  seed  particles  in  the 
flow  determines  the  measurement  sampling  statistics,  bias 
errors  due  to  seeding  may  occur.  The  presence  and 
magnitude  of  seed  biasing  errors  are  very  difficult  to 


assess  because  an  accurate  unbiased  measurement  is  also 
required.  CARS  measurements  made  at  constant  rate, 
independent  of  LDA  measurements,  do  not  have  a  seed- 
related  bias  error  and,  thus,  are  considered  to  be  un¬ 
conditionally  sampled  measurements.  These  “uncondi¬ 
tioned"  measurements  provide  a  truly  random  sample  and 
are  thus  free  from  a  bias  error,  provided  that  the  measure¬ 
ment  frequency  is  not  locked  to  an  instability  frequency  in 
the  flame.  These  unconditioned  measurements  are  referred 
to  as  unbiased.  By  comparing  the  mean  and  probability 
distribution  functions  (pdfs)  for  conditional  and  uncondi¬ 
tional  temperature  measurements,  bias  errors  can  be 
examined  for  different  test  conditions. 

Three  different  seed  bias  errors  are  known  to  occur  in 
LDA  measurements  in  cold  flows.  First,  velocity  measure¬ 
ments  will  be  biased  toward  the  low  velocities  if  the  seed 
particles  are  too  large  to  follow  the  flow  field.  It  is 
generally  accepted  that  such  errors  do  not  exist  in 
turbulent  flows  when  the  particles  are  >-  1  pm  or  less  in 
diameter.  The  second  type  of  error  is  due  to  a  variation  of 
seed  density  which  results  from  nonuniform  seeding 
(Durst  1974;  Yule  et  al.  1980).  The  third  type  of  error  was 
first  considered  by  McLaughlin  and  Tiederman  (1973) 
and  more  recently  by  Edwards  and  Baratuci  (1984)  and 
Chen  and  Lightman  (1985);  here  a  bias  error  in  a 
uniformly  seeded  flow  may  result  because  there  is  a 
higher  probability  that  a  seed  particle  is  present  in  the 
faster-moving  fluid  elements. 

Additional  errors  can  occur  as  a  result  of  combustion. 
High  flame  temperatures  can  cause  a  reduction  in  the 
effective  scattering  cross  sections  of  certain  seed  materials. 
This  can  result  in  a  higher  probability  of  sampling  low- 
temperature  fluid  elements.  As  mentioned  earlier,  Ebrahimi 
and  Kieine  (1977)  observed  such  an  effect  for  TiOj. 
Figure  6  demonstrates  that  the  CARS/LDA  system, 
through  the  use  of  conditional  sampling,  can  detect  this 
effect.  Each  pdf  contains  about  1500  individual  measure¬ 
ments.  The  conditionally  sampled  pdf’s  in  Column  C  are 
strongly  weighted  toward  the  lower  temperatures,  as 
compared  to  the  unconditionally  sampled  pdf’s  in 
Column  A.  This  is  especially  notable  for  the  pdf’s  at  r  =  0. 

Another  bias  error  which  may  occur  in  flames  is  due  to 
a  variation  in  gas  density.  Assuming  that  the  ideal  gas  law 
applies,  the  seed  density  will  be  proportional  to  the  gas 
density.  This  will  result  in  a  higher  probability  of  measure- 
ing  low-temperature,  high-density  fluid  elements  if  the 
samples  are  not  collected  at  a  constant  rate.  This  bias  error 
might  be  somewhat  offset  by  the  McLaughlin-Tiederman 
high-velocity  bias  if  the  lower-density  fluid  elements  are 
moving  faster  than  the  high-density  elements.  However, 
the  two  bias  errors  need  not  cancel  out.  A  gas-density  bias 
error  was  suggested  by  Magill  et  al.  (1982)  to  explain  a 
bias  toward  low-velocity,  low-temperature  fluid  elements 
in  an  experiment  where  high-velocity,  high-temperature 
fluid  elements  were  known  to  be  present  more  than  60%  of 
the  time,  Recently.  Heitor  et  al.  (1984)  computed  a 
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COLUMN  A  COLUMN  B  COLUMN  C 


TEMPERATURE  iK)  TEMPERATURE  IK)  TEMPERATURE  (K| 

Fig.  6.  CARS  temperature  pdfs  obtained  at  an  axial  location  21. S  mm  and  radial  locations  of  0.  4,  and  6  mm;  column  A  represents  the 
CARS  temperatures  measured  independently  of  LDA  velocities  (unconditional),  column  B  represents  the  calculated  Favre  average  of  the 
temperature  pdf s  in  column  A,  and  column  C  represents  the  CARS  temperatures  measured  simultaneously  with  LDA  velocities  using 
TiO:  seed  particles  (conditional) 


density-weighted  pdf  from  unconditional  (constant- 
sampling-rate)  thermocouple  measurements  and  compaied 
the  results  with  a  pdf  obtained  from  conditionally  sampled 
simultaneous  LDA  and  thermocouple  measurements. 
Although  their  data  samples  were  not  sufficiently  large  to 
rule  out  statistical  sampling  errors,  the  density-weighted 
and  conditional  pdf's  had  similar  shapes. 

The  low-temperature  bias  error  noted  in  Fig.  6  may  be 
due,  in  part,  to  gas-density  variations.  To  determine 
whether  this  is  the  case,  the  unconditional  pdf’s  (B,)  can 
be  density  weighted  using  Eqs.  (I)  and  (2)  where  the 
density  was  assumed  to  obey  the  ideal  gas  law  at  constant 
pressure. 


B,  is  the  density-weighted  probability  of  measuring  a  tem¬ 
perature  T,,  T  the  Favre-averaged  or  density-weighted 
temperature,  T  the  unconditioned  temperature,  M,  the 
molecular  weight  of  gas  for  the  /-th  measurement,  and  B, 
the  probability  of  measuring  temperature  T,.  It  is  estimat¬ 


ed  that  the  molecular  weights  of  the  mixture  and  products 
for  our  premixed  flame  are  only  about  1.5%  more  than 
that  of  air.  For  our  calculations,  using  Eq.  (1),  the  molec¬ 
ular  weight  is  assumed  to  be  constant,  which  causes  no 
appreciable  error  in  the  pdf’s.  A  comparison  of  the  pdf’s 
in  Columns  C  and  B  in  Fig.  6  reveals  that  the  low 
temperatures  are  more  pronounced  than  would  be  expect¬ 
ed  as  a  result  of  density  weighting.  Indeed,  the  data  rate  of 
the  LDA  measurements  taken  with  TiO;  was  lower  by 
about  a  factor  of  three  than  expected  from  assuming  that 
the  number  density  of  the  seed  particle  varied  as  the  gas 
density.  The  data  in  Fig.  6  indicate  that  Ti02  is  not  a  good 
seed  particle  for  combusting  flows,  as  noted  by  other 
investigators  (Kennedy  1982). 

Figure  7  illustrates  the  density  bias  error  which  may 
result  from  the  use  of  ALO;  seed  particles.  This  figure 
contains  pdfs  obtained  from  unconditionally  and  condi¬ 
tionally  sampled  temperature  measurements  made  at 
three  radial  locations  and  an  axial  location  of  15  mm.  The 
average  temperatures  of  the  conditionally  sampled  data 
are  more  than  270  K  lower  than  those  collected  un¬ 
conditionally.  and  the  pdf’s  are  weighted  toward  the  low- 
temperature.  high-density  values.  A  comparison  of  the 
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Fig.  7.  CARS  temperature  pdfs  obtained  at  an  axial  location  of  15  mm  and  radial  locations  of  0.  4,  and  6  mm;  column  A  represents  the 
CARS  temperature  measurements  made  independently  of  the  LDA  measurements  (unconditional);  Column  B  represents  the  calculated 
Favre  average  of  the  temperature  pdfs  in  column  A,  and  column  C  represents  the  CARS  temperature  measurements  made 
simultaneously  with  LDA  measurements  using  AI2O3  seed  particles  (conditional) 


shapes  of  the  conditionally  sampled  pdf’s  in  column  C 
with  the  density-weighted  values  in  column  B  [calculated 
using  the  unconditional  data  in  column  A  and  Eq.  (1), 
assuming  a  constant  molecular  weight]  gives  strong 
support  to  the  proposition  that  the  measurements  con¬ 
ditioned  by  the  presence  of  seed  particles  are  density 
weighted.  This  view  is  also  supported  by  the  good  agree¬ 
ment  between  the  Favre-averaged  temperatures  listed  in 
columns  B  and  C  of  Table  1.  The  large  deviations  of  the 
rms  values  in  Table  I  suggest  that  the  1,500  samples  per 
radial  location  were  insufficient  to  obtain  a  statistically 
valid  sample.  Typically  about  17,000  samples  would  be 
required  to  reduce  the  deviation  of  the  rms  values  to  a 
value  which  is  comparable  to  the  deviation  of  the  mean  in 
Table  1,  assuming  a  sampling  error  which  varies  as  \/tfn. 

The  possibility  exists  that  the  combined  CARS/LDA 
measurements  may  be  biased  to  a  greater  extent  than 
expected  from  density  weighting  alone.  The  simultaneous 
measurements  depend  not  only  on  the  presence  of  seed 
particles  but  also  on  the  window  (time  interval)  during 
which  the  CARS  laser  fires.  It  is  conceivable  that  an 
additional  bias  error  could  result  due  to  the  window 
width.  For  example,  Nejad  and  Davis  (1986)  observed 


bias  errors  in  2  D  LDA  measurements  in  cold  flows  due  to 
the  window  width  when  data  were  obtained  at  a  uniform 
rate.  The  possibility  of  a  window  bias  for  the  CARS/LDA 
measurement  was  examined  in  the  present  investigation 
by  comparing  axial  velocity  pdf's  obtained  simultaneously 
with  and  independently  of  the  CARS  measurements.  The 
results  indicate  that  such  a  bias  would  be  less  than  1%  of 
the  mean  velocity  value. 

5.3  Temperature-velocity  correlations 

As  discussed  in  Sect.  5.2,  the  velocity  measurements 
appear  to  be  density  wetghted  when  alumina  seed  particles 
are  used.  Since  the  temperature  is  determined  simul¬ 
taneously  with  the  velocity,  the  Reynolds-averaged 
correlations  can  be  determined  by  correcting  the  indi¬ 
vidual  measurement  using 
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Tabelle  1.  Comparison  of  time-averaged  and  rms  temperatures  at  an  axial  location  of  15  mm  and  various  radial  locations:  unconditioned 
I  A),  calculated  Favre  average  using  data  in  column  A  (B),  and  seed  conditioned  (C) 


Mmm) 

Average  temperature  (K.) 

rms  (K.) 

A 

B 

C 

B-C 

B 

A 

B 

C 

B-C 

C 

0.0 

883 

678 

582 

0.140 

531 

393 

289 

0.265 

1.0 

1.002 

742 

722 

0.027 

547 

439 

378 

0.138 

2.0 

1.040 

782 

774 

0.010 

541 

449 

391 

0.129 

3.0 

1,342 

1,029 

994 

0.034 

568 

566 

472 

0.166 

40 

1,655 

1,426 

1,368 

0.041 

464 

572 

525 

0082 

5.0 

1.885 

1,816 

1,744 

0.040 

285 

356 

384 

0.079 

6.0 

1.878 

1.656 

1,607 

0.030 

263 

255 

278 

0.083 

7.0 

1  806 

1,783 

1.741 

0.024 

190 

199 

263 

0  322 

8.0 

1.759 

1,733 

1.611 

0.070 

203 

211 

273 

0.294 

X  [mm) 


Fig.  8.  Favre-  (■)  and  Reynolds-  (•)  averaged  axial  velocity/tem¬ 
perature  correlations  about  the  mean  at  axial  locations  of  1.5  and 
1 5  mm;  A1;03  particles  were  used  to  seed  the  flow 


where  //,"  is  the  axial  velocity  fluctuation  about  the  Favre 
average  of  the  /-th  measurement,  f ,  the  i-th  temperature 
measured  by  an  instrument  which  gives  a  density- 
weighted  mean.  0,  the  /-th  measured  temperature  fluc¬ 
tuation  about  the  Favre  average,  Af,  the  molecular  weight 
for  the  /-th  density-weighted  measurement,  and  N  the 
total  number  of  measurements.  This  allows  a  direct 
comparison  between  the  Reynolds-  and  Favre-averaged 
correlations. 

The  axial  and  radial  velocity  correlations  with  tem¬ 
perature  (near  the  base  of  the  burner  in  Figs.  8  and  9) 
show  the  same  trends  as  those  observed  by  Tanaka  and 
Yanagi  (1983).  They  found  a  negative  correlation  between 


X  imm) 


Fig.  9.  Favre-  (■)  and  Reynolds-  (•)  averaged  radial  velocity/tem¬ 
perature  correlations  about  the  mean  at  axial  locations  of  1.5  and 
15  mm:  the  LDA  measurements  were  made  using  AJ203  particles 


axial  velocity  and  temperature  at  the  interface  of  the 
reaction  zone  and  the  burnt  mixture  and  a  positive  corre¬ 
lation  between  radial  velocity  and  temperature  very  near 
the  same  radial  location.  The  same  trends  can  be  observed 
in  the  1.5-mm  profiles  shown  in  Figs.  8  and  9.  Figures  8 
and  9  also  show  velocity-temperature  correlation  profiles 
at  the  15-mm  position  near  the  tip  of  the  reaction  zone. 
The  axial  velocity-temperature  correlation  has  a  mini¬ 
mum  at  the  centerline  where  the  average  temperature  is 
a  minimum  and  has  a  peak  of  81  near  the  reaction  zone, 
indicating  strong  positive  correlation  (high  temperature, 
high  velocity)  in  this  region.  Since  the  mean  temperature 
gradient  is  also  positive  at  this  location  (Fig.  3),  transport 
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is  occurring  in  a  direction  counter  to  the  temperature 
gradient. 

The  large  fluctuations  in  the  reaction-zone  area  are  due 
to  the  penetration  of  the  unbumt  gases  into  this  region,  as 
demonstrated  by  the  pdf's  shown  in  Fig.  7.  Disregarding 
the  conditionally  sampled  pdfs  in  this  figure,  the  un¬ 
conditionally  sampled  pdf  (sampled  without  the  LDA) 
displayed  bimodal  peaks  in  the  central  region  of  the  flame 
(/•  =  0).  Notice  the  strong  low-temperature  peak  indicative 
of  the  penetration  of  unbumt  gases.  In  the  plume  region 
(r  =  6),  the  pdf  has  a  single  mode,  indicating  primarily 
burnt  gases. 

The  effect  of  density  weighting  upon  the  axial  and 
radial  correlations  shown  in  Figs.  8  and  9  is  very  similar. 
Both  an  amplitude  and  a  spatial  difference  are  observed 
between  the  density-weighted  and  density-corrected  axial 
and  radial  correlations.  The  amplitude  difference  in  the 
radial-correlation  case  is  somewhat  smaller,  =  1.4,  than  in 
the  axial,  ~  2;  but  the  spatial  shift  of  the  maxima  is 
approximately  the  same,  l  mm.  Thus,  while  the  general 
features  of  the  density-weighted  correlations  are  the  same 
as  those  of  the  density  corrected  correlations,  me  am¬ 
plitudes  as  well  as  the  spatial  locations  of  the  maxima  are 
different  and  must  be  taken  into  account  if  accurate 
determinations  of  the  correlations  are  to  be  made. 


6  Summary  and  conclusions 

The  ability  of  a  combined  CARS/LDA  instrument  to 
make  temperature  and  two-velocity-component  measure¬ 
ments  nearly  simultaneously  (within  4  ps)  at  a  common 
point  in  a  flame  has  been  demonstrated.  A  turbulent 
premixed  propane-air  Bunsen-bumer  flame  was  examined 
during  this  study  because  of  the  following  characteristics: 
( I )  positive  radial  velocity  and  temperature  correlations  in 
the  turbulent  reaction  zone  where  the  temperature 
gradient  is  positive,  (2)  negative  axial  velocity  and  tem¬ 
perature  correlations  near  the  burner  base,  and  (3)  positive 
correlations  near  the  tip  of  the  reaction  zone.  The  CARS/ 
LDA  measurements  confirmed  these  characteristics  for 
the  Bunsen-burner  flame.  These  results  are  viewed  as  a 
necessary  condition  for  demonstrating  the  performance  of 
the  CARS/LDA  system. 

The  ability  of  the  CARS/LDA  system  to  examine  bias 
errors  due  to  the  presence  of  seed  particles  has  been 
demonstrated.  Comparisons  of  CARS  temperature  pdf’s 
obtained  independently  (unconditionally)  and  simul¬ 
taneously  (conditionally)  with  LDA  measurements,  using 
ALOj  seed  particles,  show  a  strong  weighting  toward  low 
temperatures  (high  densities).  Density-weighted  temper¬ 
ature  pdf’s,  which  were  calculated  using  the  uncondi¬ 
tionally  sampled  pdf  data,  compared  favourably  with 
the  measured  conditionally  sampled  pdf’s.  This  suggests 
that  the  CARS/LDA  system  provides  density-weighted 
and.  thus,  Favre-averaged  data. 


The  low  data-sampling  rate  of  <  0.5/s  was  a  drawback 
with  the  CARS/LDA  system  which  led  to  undersampling 
of  some  of  the  data.  Low  sampling  rates  were  caused  by 
the  narrow  100-ps  window  used  in  obtaining  the  4-ps 
coincidence  between  the  velocity  and  temperature  and  the 
low  seeding  rates  which  normally  occur  in  flames. 

In  order  for  the  CARS/LDA  system  to  become  a 
practical  tool  for  studying  turbulent  flames,  increased 
data-acquisition  rates  which  approach  the  speed  of  the 
CARS  laser  firing  are  essential.  Increased  rates  can  be 
achieved  by  improving  seeding  techniques.  The  develop¬ 
ment  of  a  high-constant-output  seeder  is  important  for 
future  transport  studies  in  turbulent  flames.  Another 
improvement  to  the  CARS/LDA  system  which  should 
result  in  increasing  data  rates  is  to  eliminate  the  100-ps 
window  and  fire  the  CARS  laser  at  a  constant  rate  of 
10  Hz  while  free  running  the  LDA.  Coincidence  would  be 
achieved  by  interpolation  of  the  LDA  data  to  obtain  the 
two  velocity  components  at  the  time  of  the  CARS  laser 
firing.  This  approach  will  be  investigated  in  future  studies. 
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INTRODUCTION 

The  development  of  computer  models  for  predictinj  combusting-flowfield 
behavior  requires  simultaneous  measurement  of  velocity  and  temperature. 
For  velocity  measurement.  Laser  Doppler  Velocimetry  (LDV)  has  been  the 
technique  of  choice.  For  temperature  measurement,  the  Coherent  Anti- 
Stokes  Raman  Scattering  (CARS)  technique  posseses  the  advantages  of 
demonstrated  ability  to  perform  in  diverse  flame  environments,  nonintru- 
sive  nature  of  the  technique,  and  ability  to  examine  seed  biasing 
effects.  This  pacer  describes  a  second-generation  combined  CARS-LDV 
instrument  and  demonstrates  some  of  its  capabilities.  A  more-detailed 
description  of  this  instrument  is  available  elsewhere.1 

CARS  INSTRUMENT 

Since  the  basic  CARS  instrument  (shown  in  Fig.  1)  has  been  discussed 
previously,  only  the  salient  features  will  be  mentioned  here.  The 
frequency-doubled  output  of  a  Quanta-Ray  Nd:YAG  laser  was  used  to  pump  a 
broadband  dye  laser  and  was  also  utilized  as  the  pump  frequency  in  the 
CARS  process.  A  folded  BOXCARS  arrangement  was  used  to  obtain  a  spatial 
resolution  of  ^  1  mm  along  the  major  beam  axis.  The  CARS  signal  was  fed 
through  an  intensity  splitter,  a  Spex  3/4-m  monochromator,  and  onto  a 
Tracor-Northern  IDARSS  detector  system.  The  splitter  arrangement  was 
used  for  extending  the  effective  dynamic  range  of  the  detector  to  allow 
study  of  the  temperature  range  from  300  to  2300  K.  The  CARS  system  dis¬ 
plays  an  80-K  precision  for  single-shot  measurements  and  a  10-K  accuracy 
In  time-averaged  measurements  as  compared  to  a  chromel-alumel  thermo¬ 
couple  in  oven  studies.2 


LDV  INSTRUMENT 

The  LDV  system  shown  in  Fig.  1  was  built  by  Lightman,  et  a_L  ,3  and  is  a 
two-component  real-fringe  system  based  on  polarization  separation  of  the 
velocity  components.  The  514.5-nm  line  from  a  Spectra -Physics  argon-ion 
laser  was  used  as  the  light  source,  with  ^  1-um-diam.  alumina  ( A1 2O3 ) 
particles  serving  as  the  scattering  medium.  The  Doppler  burst  was  col¬ 
lected  in  the  forward  direction  slightly  off-axis  (^  10  deg.).  The  two 
velocity  components  were  separated  by  a  Glan-Thompson  polarization  beam 
splitter  and  sent  to  two  1990  TSI  burst-counter  processors  through  fiber 
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optics.  Dual  Bragg  cells  having  a  5-MHz  frequency  difference  were 
employed  to  remove  directional  ambiguities  and  maintain  the  Doppler- 
burst  frequencies  in  an  optimum  range  for  the  velocities  under  study. 

COMBINED  CARS-LDV  INSTRUMENT 

As  with  the  first-generation  combined  instrument, ^  this  second- 
generation  instrument  was  arranged  in  such  a  way  as  to  minimize  changes 
in  the  optical  systems.  The  two  instruments  are  aligned  head-on,  maxi¬ 
mizing  overlap  of  their  measurement  volumes.  They  share  no  common 
optics  which  allows  them  to  be  operated  separately  or  jointly  without 
interference.  The  major  improvements  with  this  second-generation 
instrument  involve  the  electronics  and  acquisition  software.  For  pur¬ 
poses  of  establishing  time  coincidence,  a  common  clock  tags  each  mea¬ 
surement  as  it  is  made.  Analysis  software  is  later  employed  to  sort  the 
data  according  to  time,  based  on  the  tagword.  To  reduce  the  amount  of 
noncoincident  data  recorded,  the  LDV  data  acquisition  is  gated,  limiting 
acquisition  to  a  10-ms  window  centered  on  the  CARS  measurement  time. 

Within  this  framework  three  variations  of  the  acquisition  scheme  are 
possible  (see  Fig.  2).  Method  1  involves  only  the  constraints  described 
thus  far— the  two  systems  essentially  are  operating  independently.  CARS 
data  are  taken  at  the  nominal  10-Hz  rate  of  the  YAG  laser,  and  any  LDV 
realizations  within  ±  5  ms  of  the  CARS  measurement  time  are  recorded. 
Time  coincidence  between  the  two  measurements  occurs  purely  by  chance. 

In  contrast,  Methods  2  and  3  trigger  coincident  measurements  and  record 
only  coincident  data.  Method  2  is  similar  to  Method  1,  except  that  the 
occurrence  of  the  LDV  realization  triggers  the  CARS-laser  flashlamps, 
with  the  Q-switch  (light  pulse  and  measurement  time)  following  250  us 
later.  The  guaranteed  coincidence  of  250  vs  between  measurements  pro¬ 
vided  by  Method  2  is  adequate  for  low-to-medium  velocity  studies.  For 
studies  involving  higher  velocities,  Method  3  offers  measurements  with 
coincidence  as  close  as  4  us.  To  achieve  this  coincidence.  Method  3 
triggers  the  CARS  measurement  directly  by  pulsing  the  CARS  laser  Q- 
switch  in  response  to  an  LDV  realization.  The  disadvantage  of  Method  3 
is  that  the  Q-switch  time  can  be  varied  only  -v  ±  50  us  from  optimum 
before  the  loss  of  power  in  the  CARS  laser  renders  flame-temperature 
measurement  impractical.  This  100-us  window  during  which  the  LDV  data 
can  be  recorded  reduces  coincident  data  rates  by  a  factor  of  100  as 
compared  to  those  of  Method  2.  Therefore,  Method  3  is  used  only  for 
studies  requiring  such  small  coincidence  times. 

ACQUISITION  AND  ANALYSIS  SOFTWARE 

The  heart  of  the  acquisition  software  is  a  machine-language  program 
which  runs  on  the  Tracor-Northern  control  unit;  the  function  of  this 
program  is  to  control  (1)  gating  of  the  LDV  data  acquisition,  (2)  firing 
of  the  CARS  laser,  and  (3)  transfer  of  CARS  spectral  data  to  a  ModComp 
mini-computer  system.  Each  method  of  simultaneous  acquisition  has  a 
separate  program.  Each  program  is  a  loop  of  100-ms  duration,  corre¬ 
sponding  to  the  10-Hz  nominal  repetition  rate  of  the  CARS  laser.  The 
loop  is  composed  of  the  commands  required  to  implement  (1),  (2),  and  (3) 
above  in  the  proper  sequence,  with  waiting  loops  between  each  event, 
ensuring  that  the  events  occur  at  the  proper  time,  as  shown  in  Fig.  2. 
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The  acquisition  software  on  the  ModComp  computer  for  CARS  and  LDV  is 
similar  and  controls  the  positioning  of  the  burner  system,  the  number  of 
spatial  locations  at  which  data  are  to  be  taken,  and  the  number  of  data 
points  to  be  acquired  at  each  location.  The  interface  control  is  mainly 
carried  out  by  the  Tracor-Northern  program,  but  analysis  of  the  raw 
spectral  and  period  data  is  conducted  exclusively  on  the  ModComp  com¬ 
puter. 

The  first  steps  in  processing  the  raw  data  consist  of  fitting  the  CARS 
spectral  data  to  obtain  temperatures  and  converting  the  period  data  from 
the  TSI  1990  burst  counters  to  velocities.  The  time  tagword  associated 
with  each  data  point  is  then  extracted  and  the  data  sorted  according  to 
time.  Once  this  has  been  accomplished,  the  means,  rms,  and  correlations 
between  temperature  and  velocity  components  can  be  determined.  By 
recording  the  time  associated  with  each  measurement,  the  correlations 
can  be  examined  as  a  function  of  the  simultaneity  of  the  CARS-LDV  mea¬ 
surements.  This  allows  investigation  of  the  autocorrelations  between 
the  temperature  and  velocity  components.  The  reduced  data  can  then  be 
displayed  as  needed  for  study  or  presentation. 

RESULTS  AND  DISCUSSION 

Figure  3  is  an  example  of  the  measured  joint  velocity  and  temperature 
correlation  coef f i ci ents ,  these  coefficients  being  the  normalized  tur¬ 
bulent  axial  heat  flux,  u'T1  and  the  radial  heat  flux,  v'T1  .  In  this 
experiment,  a  vee-gutter  stabilized  turbulent  premixed  flame  was 
studied.  The  maximum  values  of  the  correlation  coefficients  for 
velocity  and  temperature  are  0.35.  This  strong  correlation  is  due  to 
the  flame  brushing,  which  is  highly  intermittent.  From  Fig.  3  the  width 
of  the  flame  brushing  can  be  estimated  to  be  ~  6  mm. 

Bias  sampling  errors  are  not  normally  associated  with  CARS  measurements; 
however,  when  joint  measurements  are  made  using  Method  2  or  Method  3, 
the  sampling  becomes  dependent  on  the  seed-particle  arrival  and  biasing 
effects  can  be  observed.  The  largest  bias  effect  which  has  been 
observed  with  the  combined  instrument  is  the  density  bias  or  Favre- 
averaging4  which  occurs  because  of  density  weighting  of  the  LDV  measure¬ 
ment.  The  seed  density,  in  general,  follows  the  density  of  the  gases  in 
which  the  seed  has  been  introduced;  thus,  as  the  gas  temperature 
increases,  the  probability  of  catching  a  seed  particle  in  the  sample 
volume  decreases.  This  effect  can  be  observed  by  comparing  CARS  tem¬ 
perature  PDFs  obtained  at  the  same  point  in  a  flame  using  independent 
CARS  measurements  and  joint  CARS-LDV  measurements.  The  temperatures 
obtained  in  the  joint  measurements  are  lower  than  those  measured  by  the 
independent  CARS  instrument. 


CONCLUSIONS 

Successful  integration  of  CARS  and  LDV  systems  into  a  second-generation 
combined  instrument  capable  of  simultaneous  temperature  and  velocity 
measurement  has  been  demonstrated.  Improvements  over  previous  versions 
include  reduced  measurement  volume  anH  more-^ficien*  *rnni«;ition  and 
analysis  software  and  Interface  hardware  which  allows  a  higher  volume  of 
data  to  be  taken  in  a  shorter  period  of  time.  The  capability  to  detect 
seed-bias  effects  has  been  demonstrated. 
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Figure  1.  Optical  Arrangement  of  Combined  CARS-LDV  Instrument. 
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Figure  2.  Timing  Diagram  for  Three  Acquisition  Modes  of 
Combined  CARS-LDV  Instrument. 
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Measured  Correlation  Coefficients  for  Temperature 
and  Velocities.  Radial  scans  at  Z  =  40  mm. 
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This  article  describes  the  design  and  operation  of  a  second-generation  combined  CARS-LDV 
instrument  capable  of  measuring  temperature  and  two  velocity  components  in  a  turbulent 
combusting  flowfield.  Improvements  to  the  instrument  over  the  first-generation  system  include 
multiple  acquisition  modes  ranging  from  independent  to  4-fis  time  coincidence,  more  extensive 
automation  of  the  data  acquisition  and  burner  controls,  and  improved  procedures  for  analysis  and 
display  of  raw  data.  Measurements  made  on  a  propane-air  diffusion  flame  are  discussed. 


INTRODUCTION 

Computer  models,  which  are  being  used  to  predict  flowfield 
behavior  in  practical  combustor  systems,  require  simulta¬ 
neous  measurement  of  temperature  and  velocity.  Numerical 
solution  of  the  conservation  equations  of  mass,  momentum, 
species,  and  energy  requires  a  detailed  knowledge  of  veloc¬ 
ity-temperature  correlation  terms  such  as  Hf ,  vT ,  uc. 
Practices  such  as  the  use  of  gradient  transport  closure  to 
describe  transport  terms  can  promote  gross  inaccuracies  in 
prediction  of  flows,  especially  those  dominated  by  large- 
scale  turbulence  and  where  counter-gradient  diffusion  is 
known  to  occur.  In  such  cases,  the  magnitude  of  these  terms 
must  be  measured  experimentally. 

The  simultaneous  measurement  of  velocity  and  scalar 
quantities  is  a  difficult  task,  and  only  a  limited  number  of 
these  experiments  have  been  reported  in  the  literature.  '“In 
combusting-flowfield  studies,  the  technique  of  choice  for  ve¬ 
locity  measurements  has  been  laser  Doppler  velocimetry 
(LDV).  The  choice  of  instrument  for  the  associated  scalar 
measurement,  however,  has  not  been  so  clear-cut.  Tech¬ 
niques  which  have  been  employed  include  thermocouples, 1-6 
Mic  scattering,7  Rayleigh  scattering,"  Raman  scattering,9  " 
and  coherent  anti-Stokes  Raman  scattering  (CARS).12"1*' 
The  advantages  of  using  the  CARS  technique  for  joint  scalar 
measurements  are  the  demonstrated  ability  of  the  technique 
to  obtain  temperatures  in  diverse  flame  environments,  the 
nonintrusive  nature  of  the  technique,  and  the  ability  to  ex¬ 
amine  the  effects  of  seed  biasing.  The  last  advantage  is  quite 
significant  in  demonstrating  the  density-weighted  bias  error 
which  occurs  with  LDV  measurements.  The  disadvantages 
associated  with  this  technique  involve  its  cost  and  complex¬ 
ity  and  the  expertise  required  to  operate  a  CARS  instrument. 

The  second-generation  combined  CARS-LDV  instru¬ 
ment  described  in  this  article  was  built  especially  for  making 


simultaneous  measurements  in  diverse  combusting  flow- 
fields;  it  is  an  extension  of  an  earlier  combined  instrument 
which  was  described  in  detail  in  Refs.  14-16.  Improvements 
to  the  acquisition  software  and  electronics  will  be  discussed 
along  with  measurements  on  a  propane  jet  diffusion  flame. 

I.  CARS  INSTRUMENT 

Since  the  basic  CARS  instrument  as  shown  in  Figs.  1 
and  2  has  been  discussed  previously,  only  the  salient  features 
will  be  mentioned  here.  The  frequency-doubled  output  from 
a  Quanta-Ray  DCR-2  Nd:YAG  laser  was  used  to  pump  a 
broadband  dye  laser  and  was  also  utilized  as  the  pump  fre¬ 
quency  in  the  CARS  process.  Maximum  spatial  resolution 
with  a  50-cm-focal-length  lens  was  achieved  through  use  of  a 
folded  BOXCARS  arrangement.  The  spatial  resolution  was 
measured  by  traversing  a  small  200-/im  C02  jet  across  the 
sample  volume  and  found  to  be  ~  1  mm  along  the  major 
beam  axis.  The  CARS  signal  from  the  sample  volume  was 
fed  through  a  splitter  arrangement  which  divided  it  in  a  33  to 
1  ratio  and  sent  it  through  a  Spex  j-m  monochromator, 
where  it  was  detected  by  a  Tracor-Northem  IDARSS  detec¬ 
tor  system.  The  splitter  arrangement  is  used  to  extend  the 
dynamic  range  of  the  detector,  which  allows  the  temperature 
range  of  300-2300  K  to  be  studied.  The  CARS  system  typi¬ 
cally  displays  an  80- K  precision  for  repeated  single-shot 
temperature  measurements  and  a  10-K  accuracy  in  time- 
averaged  measurements  as  compared  to  chromel-alumel 
thermocouples  in  oven  studies.14 

II.  LDV  INSTRUMENT 

The  LDV  system  shown  in  Figs.  1  and  2  was  built  by 
Lightman,  et  a/.,17  '*  and  is  a  two-component  real-fringe  sys¬ 
tem  based  on  polarization  separation  of  the  velocity  compo- 
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Fic.  I  Optical  arrangement  of  combined  CARS-LDV  instruments.  Optics  include:  CARS:  Ml,  M2,  M3,  M4,  M5,  M6:  Rmj>  532-nm  mirrors;  BS1,  BS3:  50% 
532-nm  beam  splitters;  BS2:  30%  532-nm  beam  splitter;  M7:  Rmil>  607-nm  mirror;  OC;  output  coupler  20%  607-nm  mirror.  LI,  L2:  30-cm  lens;  L3,  L4: 

-  10-cm,  20-cm  lens  (Dye  Telescope);  PI,  P2,  P3:  right-angle  prisms;  L5,  L6:  50-cm  lens;  M8,  M9,  MIO,  Ml  I:  broadband  mirrors;  F:  532-nm  blocking 
filter;  BS4:  3%  beam  splitter;  L7:  10-cm  cylindrical  lens.  LDV:  L8,  L9.  5-cm  lens;  PHI,  PH2:  100  fi  pinholes;  M12,  M13:  Rma,  514.5  nm;  BS5,  BS6:  50% 
oeam  splitters;  X  /2:  half-wave  plates;  BC1,  BC2:  35,  40-mHz  Bragg  cells;  SW1,  SW2,  SW3,  SW4,  SW5:  stirring  wedges;  BP:  beam  positioning  prisms;  P: 
periscope;  L10:  50-cm  focusing  lens;  M14:  collection  mirror;  LI  1 :  20-cm  collection  lens;  GTP:  Glan-Thompson  prism;  F0I,  F02  fiber-optic  cables. 


nents.  The  514.5-nm  line  from  a  Spectra-Physics  argon-ion 
laser  was  used  as  the  light  source,  with  ~  1  -/xm-diam  alu¬ 
mina  (AljO, )  particles  serving  as  the  scattering  medium. 
The  Doppler  burst  was  collected  in  the  forward  direction 


slightly  off-axis  ( — 10°) .  The  two  velocity  components  were 
separated  by  a  Glan-Thompson  polarization  beam  splitter 
and  sent  to  two  1990  TS1  Burst-Counter  Processors  through 
fiber  optics.  Dual  Bragg  cells  having  a  5-MHz  frequency 
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Fig  2  Schematic  diagram  of  data -acquisition  components  of  CARS  and  LDV  instruments.  Electronics  include  CARS  TN  6132  camera.  Tracor- Northern 
TNI 7 10  multichannel  analyzer.  Custom-built  Computer/LDV  interface:  ModComp  32/85  classic  computer  LDV  Photomultiplier;  TSI  I  “90  burst 
counter  procevsors.  Custom-built  LDV  interface,  ModComp  computer 
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difference  were  employed  to  remove  directional  ambiguities 
and  maintain  the  Doppler  burst  frequencies  in  an  optimum 
range  for  the  velocities  under  study 

III.  COMBINED  CARS-LDV  INSTRUMENT 

As  with  the  first-generation  combined  instrument  re¬ 
ported  previously,1^1"  this  second-generation  combined  in¬ 
strument  was  arranged  in  such  a  way  as  to  minimize  changes 
to  the  optical  systems.  The  two  instruments  are  aligned 
head-on  and  have  no  common  optics,  which  allows  them  to 
be  operated  separately  or  jointly  without  interference.  The 
major  changes  with  this  second-generation  instrument  have 
involved  the  electronics  and  acquisition  software.  To  under¬ 
stand  these  differences  a  discussion  of  the  basic  philosophy 
of  the  instruments  is  in  order. 

Basic  operation  of  the  CARS  instrument  involves  repe¬ 
titive  firing  of  the  Nd:YAG  laser  at  a  10-Hz  rate;  spectral- 
temperature  information  is  obtained  during  each  laser  shot. 
The  basic  operation  of  the  LDV  instrument  involves  measur¬ 
ing  the  Doppler  burst  from  a  seed  particle  as  it  traverses  the 
sample  volume.  The  passage  of  the  seed  particle  is  a  near¬ 
random  event  and  depends  on  the  seeding  as  well  as  the  flow 
conditions  of  the  study.  The  CARS  measurements  take  place 
at  100-ms  intervals.  The  problem  lies  in  synchronizing  a  ran¬ 
dom  and  a  repetitive  event.  To  understand  the  magnitude  of 
this  problem,  one  must  examine  the  firing  sequence  of  the 
Nd.YAG  laser,  as  shown  in  Fig.  3.  The  firing  sequence  con¬ 
sists  of  discharging  the  flashlamps  to  obtain  a  population 
inversion  and  then  pulsing  the  0-switch  to  depopulate  the 
upper  laser  levels,  which  provides  a  giant  laser  pulse.  The 
time  separation  between  the  flashlamp  discharge  and  the  Q- 
switch  firing  is  ~250  /zs.  The  0-switch  firing  can  be  varied 
by  —  +  50 yus  about  the  250-/zs  value,  with  a  loss  of  ~  25% 
power.  However,  because  of  thermal  loading,  the  Nd:YAG 
laser  must  be  fired  at  a  repetition  rate  of  8-14  Hz  to  prevent 
power  loss.  The  Nd:YAG  laser  is,  thus,  not  a  pulse-on-de¬ 
mand  laser.  Therefore,  three  different  schemes  were  incor¬ 
porated  into  the  second-generation  combined  CARS-LDV 
instrument  to  allow  simultaneous  measurements. 

The  simplest  approach  (Method  1 )  consists  of  letting 
the  two  instruments  free-run.  In  order  to  establish  time  coin¬ 
cidence,  a  common  clock  is  used  for  the  instruments;  when  a 
measurement  is  made,  the  data  are  tagged  with  the  time. 
Analysis  software  is  then  employed  to  sort  the  independent 
data  according  to  time  based  on  the  tagword.  This  approach 
allows  the  two  instruments  to  acquire  data  independently, 
each  at  its  maximum  rate.  The  disadvantage  of  this  method 
is  that  the  LDV  instrument  acquires  data  at  a  much  higher 
rate  than  the  10-Hz  CARS  system  and,  therefore,  much  of 
the  LDV  data  are  not  sufficiently  close  in  time  to  a  CARS 
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Fit.  1  Firing  sequence  of  Nd  YAG  laser  used  in  CAkS  system 
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event  to  be  considered  as  coincident  data.  To  circumvent  this 
drawback,  a  10-ms  gate  was  incorporated  to  window  the 
LDV  data  acquisition  about  the  CARS  laser  firing.  This  gate 
opens  —  5  ms  before  the  flashlamps  are  discharged  and  re¬ 
mains  open  ~  5  ms  after  the  laser  fires.  The  Nd-.YAG  laser  is 
fired  even  if  no  LDV  realization  has  occurred  in  the  gate. 
The  sole  purpose  of  the  gate  is  to  limit  the  LDV  acquisition 
to  a  certain  time  period  about  the  CARS  event. 

The  second  approach  ( Method  2 )  involves  a  deeper  lev¬ 
el  of  interaction  between  the  two  instruments  and,  thus,  is 
more  complicated  than  Method  1.  In  Method  2  the  LDV 
data  acquisition  is  inhibited  until  the  CARS  flashlamp  is 
ready  to  fire,  as  in  Method  1.  A  10-ms  gate  is  opened  about 
the  flashlamp  firing,  and  LDV  realizations  can  be  trans¬ 
ferred  only  during  this  gate.  If  a  velocity  realization  occurs, 
the  flashlamps  are  discharged;  250  /zs  later,  the  0-switch 
fires.  This  guarantees  at  least  one  simultaneous  measure¬ 
ment  with  a  time  coincidence  of  250  /zs.  If  no  LDV  realiza¬ 
tion  occurs,  the  flashlamps  are  discharged  at  the  end  of  the 
window  but — unlike  in  Method  1 — the  0-switch  is  not  fired 
Discharging  the  flashlamps  guarantees  that  the  thermal 
loading  of  the  laser  cavity  (and,  thus,  power  level)  will  be 
maintained.  All  LDV  realizations  are  collected  during  this 
10-ms  window  to  permit  examination  of  all  time  coinci¬ 
dences.  This  method  allows  for  a  moderate  time  coincidence 
with  the  maximum  data  rates  for  both  instruments  and  is 
best  suited  for  low-  to  moderate-velocity  flow  studies. 

Method  3  is  the  most  stringent  method,  both  in  terms  of 
time  coincidence  and  simultaneous  data  rates.  In  this  ap¬ 
proach  the  LDV  is  gated  as  in  Method  2,  with  the  exception 
that  the  gate  is  only  100 /zs  wide  and  centered  on  the  opti¬ 
mum  250-/ZS  delay  between  the  flashlamp  and  the  0-switch 
firing.  The  flashlamps  are  discharged  repeatedly  and  the 
narrow  100-/zs  gate  opened  after  each  discharge.  Any  LDV 
realization  occurring  within  this  gate  will  fire  the  0  switch 
and  allow  the  CARS  measurement  to  be  made.  The  coinci¬ 
dence  time  in  this  case  is  the  time  required  by  the  TSI  proces¬ 
sors  to  process  the  Doppler  burst  and  transmit  a  data-ready 
signal  to  the  Tracor  interface  electronics,  which  fires  the  Q 
switch.  This  entire  process  occurs  in  ~4/zs.  Thus,  Method  3 
provides  the  best  possible  simultaneous  measurement  times 
and  is  well  suited  for  moderate-  to  high-velocity  flow  studies. 
These  advantages  are  not  gained  without  sacrifice,  however. 
The  price  paid  for  the  improved  time  coincidence  is  a  de¬ 
crease  in  the  repetition  rate.  The  CARS  laser  fires  with  a  10- 
Hz  rate;  during  each  pulse  a  100-/zs  gate  is  opened  for  LDV 
realizations.  Thus,  the  LDV  system  is  allowed  to  store  data 
only  over  a  1-ms  period  per  second.  Data-acquisition  rates 
are,  thus,  reduced  by  a  factor  of  100  as  compared  to  those  of 
Methods  1  and  2.  Method  3  is,  therefore,  recommended  only 
for  those  studies  where  the  flow  rates  preclude  use  of  Meth¬ 
ods  1  and  2. 

In  the  previous  CARS-LDV  instrument,  the  electronics 
were  constructed  such  that  Method  3  was  used  primarily  for 
data  acquisition.  This  meant  very  long  acquisition  times, 
especially  in  low-velocity  flow  experiments.  The  second-gen¬ 
eration  system  allows  the  operator  to  choose  any  one  of  the 
three  methods  at  the  CARS  control  console  by  loading  an 
appropriate  program  from  disk.  In  all  three  methods,  the 
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time  tagword  is  stored  along  with  the  data  during  acquisi¬ 
tion.  After  conversion  of  the  raw  LDV  period  data  to  veloc¬ 
ities  and  the  CARS  spectral  data  to  temperatures,  the  pro¬ 
cessed  data  are  sorted  according  to  the  time  tagword.  The 
analysis  software  sorts  the  data  about  a  time  window  that  is 
selected  by  the  operator  and  allows  correlation  of  velocity 
and  temperature  to  be  studied  as  a  function  of  this  coinci¬ 
dence  window.  Correlations  such  as  uT,  vT ,  and  uv  can 
then  be  determined  for  the  flowfield  under  study. 

Experimentally,  the  measurements  must  be  not  only 
temporally  coincident  but  also  spatially  coincident.  To  align 
the  six  beams  at  a  common  focus,  a  100-^m  circular  aperture 
was  used.  The  focus  of  each  set  of  beams  was  determined  first 
by  examining  the  extinction  of  the  beam  by  the  edge  of  the 
aperture,  which  acted  as  a  knife  edge.  The  power  in  the 
CARS  laser  was  reduced  over  the  normal  operational  power 
by  detuning  the  0-switch  from  the  optimum  delay,  thus 
maintaining  the  thermal  loading  and  divergence  of  the 
Nd:YAG  beams  while  lowering  the  laser  power.  The  main 
focusing  lens  of  both  the  CARS  and  the  LDV  system  was 
adjusted  to  ensure  that  the  focus  occurred  at  a  common 


point.  All  six  beams  were  then  crossed  and  aligned  through 
the  100-/im  aperture.  Once  this  alignment  is  complete,  the 
system  must  not  be  adjusted  because  of  the  possibility  of 
uncrossing  the  two  sample  volumes. 

One  of  the  major  disadvantages  of  combining  the  CARS 
and  LDV  instruments  lies  in  the  use  of  seed  particles  for  the 
velocity  measurement.  Seeds  such  as  alumina  can  affect  the 
CARS  data  in  many  ways,  including  attenuation  of  the  laser 
beams  ( and,  thus,  lowering  of  the  CARS  signal ) ,  production 
of  a  nonresonant  signal  whose  contribution  would  increase 
the  fitted  temperature,  or — in  the  worst  case — catastrophic 
breakdown  at  the  surface  of  the  particle.  Catastrophic  break¬ 
down  occurs  when  a  particle  of  sufficient  size  passes  through 
the  sample  volume  during  Nd:  YAG  laser  firing.  The  surface 
temperature  of  the  particle  is  heated  to  an  extreme  tempera¬ 
ture,  and  a  plasma  is  formed.  The  plasma  then  acts  to  absorb 
the  pump  laser  light,  thus  robbing  the  CARS  process  of 
needed  power.  The  probability  of  breakdown  occurring  is 
dependent  upon  the  particle  size  and  the  power  in  the  laser 
beams.  To  minimize  this  effect,  the  smallest  possible  seed 
particles  and  the  lowest  laser  power  should  be  used.  The 


effect  is  most  notable  inside  a  cold  fuel  jet  where  the  seed  and 
gas  densities  are  relatively  large.  When  breakdown  occurs, 
the  CARS  data  are  rejected  and  excluded  from  the  analysis. 
This  is  accomplished  by  monitoring  the  amount  of  scattered 
laser  light  around  the  sample  volume.  If  the  scattered-light 
level  reaches  a  preset  threshold,  then  a  breakdown  is  known 
to  have  occurred  and  the  data  are  rejected. 

IV.  ACQUISITION  AND  ANALYSIS  SOFTWARE 

The  past  and  present  approaches  to  mating  the  CARS 
and  LDV  instruments  involved  combining  the  instruments 
both  optically  and  electronically,  such  that  a  minimum  num¬ 
ber  of  changes  would  be  required.  The  optical  arrangement 
of  the  second-generation  CARS-LDV  system  shown  in  Fig. 
1  confirms  this.  However,  extensive  changes  were  required 
in  the  interface  electronics  and  acquisition  software  in  order 
to  incorporate  the  various  acquisition  methods  outlined 
above  (see  Fig.  2).  The  heart  of  the  acquisition  software  is  a 
machine-language  program  which  runs  on  the  Tracor- 
Northem  control  unit;  the  function  of  this  program  is  to 
control  the  transfer  of  CARS  spectral  data  to  a  ModComp 
Classic  minicomputer  system,  the  firing  sequence  for  the 
Nd:YAG  laser,  and  the  necessary  gating  pulses  to  the  LDV 
interfaces  based  upon  the  particular  acquisition  mode  select¬ 
ed. 

The  timing  schemes  for  the  three  acquisition  modes  are 
shown  in  Fig.  4.  When  the  program  is  initiated,  the  system  is 
in  the  independent  acquisition  mode,  which  allows  the  oper¬ 
ator  to  observe  the  CARS  signal  strength  and  determine 
whether  optical  adjustments  must  be  made.  By  loading  a 
different  program,  the  operator  can  select  the  acquisition 


mode  to  be  employed.  The  acquisition  sof  ware  is  similar  for 
the  three  modes.  The  program  begins  by  opening  a  10-ms 
gate  to  allow  LDV  data  acquisition,  waiting  5  ms  to  dis¬ 
charge  the  flashlamps,  waiting  another  250  /us  to  fire  the  0- 
switch,  and  then  interrogating  the  ModComp  interface  to 
determine  whether  a  data-transfer  request  has  been  issued. 
The  gate  to  the  LDV  isopcnfor  10ms.  If  the  data-transfer 
request  from  the  ModComp  has  been  issued,  the  CARS 
spectral  data  are  transferred  in  ~45  ms.  The  program  must 
then  wait  another  55  ms  before  repeating  the  sequence.  If  no 
data-transfer  request  has  been  sent,  the  Tracor  waits  the  full 
100  ms  by  counting  to  itself.  The  last  word  in  the  CARS  data 
is  overwritten  with  the  contents  of  the  common  clock  (time 
tagword )  before  transfer.  This  basically  describes  the  inde¬ 
pendent  operation  of  the  system. 

In  Method  2  the  machine-language  program  opens  the 
10-ms  window  and  waits  for  a  velocity  data-ready  signal 
from  the  LDV  burst-counter  processors.  If  the  signal  is  de¬ 
tected,  the  flashlamps  are  discharged  and  250  fis  later  the  Q- 
switch  fires.  The  CARS  spectral  information  is  then  trans¬ 
ferred  to  the  ModComp  computer.  If  a  velocity  data-ready 
signal  has  not  been  detected  at  the  end  of  the  10-ms  window, 
the  flashlamps  are  discharged  but  the  0-switch  does  not  fire 
and  CARS  data  are  not  transferred.  In  either  case,  the  pro¬ 
gram  waits  another  90  ms,  and  the  cycle  is  repeated. 

In  Method  3  the  machine-language  program  discharges 
the  flashlamps,  waits  200 /is,  and  then  opens  a  100-//S  gate.  If 
a  velocity  data-ready  signal  is  detected  during  this  gate,  the 
0-switch  is  fired  and  the  data  subsequently  transferred  to  the 
ModComp  computer.  If  no  data-ready  signal  is  detected,  the 
program  counts  to  itself  for  ~99  ms  and  the  process  is  re¬ 
peated. 


(e) 


simultaneous  with  LDV  (b,  d). 
Density-weighted  biasing  of  tem¬ 
perature  is  observed  when  CARS 
and  LDV  measurements  are 
made  simultaneously,  as  wit¬ 
nessed  by  lower  average  tem¬ 
peratures  at  same  flame  posi¬ 
tions 
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Z  =  100.0  mn\ 


l  -  10.0  mn 


Fig.  6  Mean,  rms,  and  pdf  temperatures  in  propane  jet  diffusion  flame  (He  4000)  obtained  bv  CARS  instrument 


The  acquisition  software  on  the  ModComp  computer 
for  the  CARS  and  LDV  is  similar  and  controls  the  position¬ 
ing  of  the  burner  system,  the  number  of  spatial  locations  at 
which  data  are  to  be  taken,  and  the  number  of  data  points  to 


be  acquired  at  each  location  The  interface  control  is  mainly 
carried  out  by  the  T racor-Northern  program,  but  analysis  of 
the  raw  spectral  and  period  data  is  conducted  exclusively  on 
the  ModComp  computer. 
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The  first  steps  in  processing  the  raw  data  consist  of  fit¬ 
ting  the  CARS  spectral  data  to  obtain  temperatures  and  con¬ 
verting  the  period  data  from  the  TSI  1990  burst  counters 
into  velocities.  The  time  tagword  associated  with  each  data 
point  is  then  extracted  and  the  data  sorted  according  to  time. 
Once  these  tasks  have  been  accomplished,  the  means,  rms, 
and  correlations  between  temperature  and  velocity  compo¬ 
nents  can  be  determined.  By  recording  the  time  associated 
with  each  measurement,  the  simultaneous  data  can  be  exam¬ 
ined  as  a  function  of  the  coincidence  time  of  the  CARS-LDV 
measurements.  This  allows  investigation  of  the  autocorrela¬ 
tions  between  the  temperature  and  the  velocity  components. 
The  reduced  data  can  then  be  displayed  as  needed  for  study 
and  presentation. 

V.  BIAS  ERRORS 

Bias  sampling  errors  are  not  normally  associated  with 
the  CARS  technique  because  the  measurements  are  made  in 
a  low-frequency  repetitive  manner.  Such  an  ensemble  mea¬ 
surement  should  not  be  biased  except  in  the  case  where  the 
frequency  matches  a  natural  frequency  of  the  flame.  When 
the  CARS  technique  is  combined  with  the  LDV  technique, 
however,  the  sampling  becomes  dependent  upon  the  seed- 
particle  arrival,  and  biasing  effects  can  be  observed.  The 
largest  bias  effect  which  has  been  observed  with  the  com¬ 
bined  instrument  is  the  density  bias  or  Favre-averaging, 
which  occurs  because  of  density  weighting  of  the  LDV  mea¬ 
surement.  The  seed  density,  in  general,  follows  the  density  of 
the  gases  in  which  the  seed  has  been  introduced;  thus,  as  the 
gas  temperature  increases,  the  probability  of  catching  a  seed 
particle  in  the  sample  volume  decreases.  This  result  (shown 
in  Fig.  5)  indicates  that  the  simultaneous  measurements  are 
Favre-averaged — a  factor  which  must  be  taken  into  account 
when  interpreting  the  data.  Bias  errors  due  to  seed  effects 
other  than  density  biasing  may  also  be  present  in  the  simulta¬ 
neous  data;  therefore,  care  must  be  taken  in  the  use  and  in¬ 
terpretation  of  these  data.  One  of  the  unique  features  of  the 
combined  CARS-LDV  instrument  is  its  ability  to  determine 
the  extent  of  biasing;  this  is  possible  because  the  independent 
CARS  measurements  are  unbiased.  This  feature  allows 
Favre-weighted  data  to  be  converted  to  Reynolds-averaged 
data.16 

VI.  BURNER  DESCRIPTION 

The  burner  setup  used  for  these  studies  is  discussed  in 
detail  in  Ref.  19.  The  system  consisted  of  a  contoured  l-cm 
fuel  jet  surrounded  by  a  24-cm  coannular  air  jet.  The  fuel 
employed  was  propane  at  a  flow  rate  of  8.5  standard  liters 
per  minute.  The  velocity  of  the  coannular  air  jet  was  1 5 
cm/s,  which  was  sufficient  to  reduce  room-air  disturbances 
but  have  little  effect  upon  the  visible  flame  structure. 

VII.  PROPANE-DIFFUSION-FLAME  MEASUREMENTS 

To  demonstrate  the  capabilities  of  the  combined  instru¬ 
ment  and  to  complement  earlier  CARS  studies,  a  propane  jet 
diffusion  flame  was  chosen  for  examination.  Flow-visualiza¬ 
tion  studies  on  this  flame  have  indicated  the  presence  of  large 


toroidal  vortices  which  form  outside  the  visible  flame  zone. 19 
These  vortices  interact  with  the  flame  and  are  responsible  for 
low-frequency  oscillations  or  flame  flicker.  The  vortices  are 
believed  to  be  the  result  of  a  Kelvin-Helmholtz-type  insta¬ 
bility  which  is  formed  by  a  buoyancy-driven  shear  layer.  A 
sheet-lighting  visualization  photograph  of  the  jet  diffusion 
flame  is  shown  in  Fig.  6.  Superimposed  on  this  figure  are  the 
results  of  independent  CARS  measurements.  The  interac¬ 
tion  between  the  outside  vortices  and  the  flame  surface  is 
evident.  Figure  6  displays  bimodal  temperature  probability 
distribution  function  ( pdf)  in  the  areas  associated  with  the 
flame  bulge.  The  temperature  pdfs  can  be  interpreted  as  that 
fraction  of  time  during  which  the  flame  zone  is  located  in  the 
sample  volume.  The  bimodal  behavior  is  typical  of  a  flame 
surface  which  is  oscillating  as  a  function  of  time.  The  oscilla¬ 
tions  are  evident  in  the  temperature  rms  data  as  well. 

Simultaneous  CARS  and  LDV  measurements  were  tak¬ 
en  at  the  200-mm  axial  location  because  of  the  presence  of 
the  flame  bulge  in  this  area.  The  uT,  vT ,  and  uu  correla¬ 
tions  are  depicted  in  Fig.  7.  The  uT  data  show  a  strong 
correlation  between  axial  velocity  and  temperature  in  the 
flame-bulge  area  associated  with  the  acceleration  of  the 
flame  front  due  to  buoyancy.  This  large  positive  uT  correla¬ 
tion  is  expected  in  a  flowfield  dominated  by  buoyancy.  The 
Reynolds  shear  stress  uv  displays  similar  behavior,  indicat¬ 
ing  the  strong  interaction  between  the  outer  vortices  and  the 
flame.  The  vT  correlation  is  lower  in  magnitude  but  peaks 
in  the  bulge-vortices  region.  Thus,  the  dominance  of  the 
buoyancy  effect  in  relatively  low  Reynolds-number  jet  diffu¬ 
sion  flames  can  be  clearly  seen  from  the  visualization,  inde¬ 
pendent  temperature  pdf,  and  simultaneous  data. 

The  combined  CARS-LDV  instrument  has  been  uti¬ 
lized  in  the  study  of  not  oniy  the  propane  jet  diffusion  flame2 ' 
but  also  a  rod-stabilized  jet  diffusion  flame21  and  a  premixed 
vee-gutter  flame.22 


Fig  7.  Correlation  coefficients  obtained  at  200-mm  axial  location  in  pro¬ 
pane  jet  diffusion  flame  □  u  T ,  O:  vT .  and  x  :  ul\ 
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VIII.  DISCUSSION 


In  conclusion,  a  second-generation  CARS-LDV  instru¬ 
ment  has  been  built  and  operated  which  allows  simultaneous 
temperature  and  velocity  measurements  to  be  made.  The  in¬ 
strument  is  capable  of  independent  or  combined  measure¬ 
ments  with  a  time  coincidence  of  ~  4  n s.  The  acquisition  and 
analysis  software  for  this  instrument  has  been  improved  over 
that  of  previous  versions,  allowing  a  single  operator  to  con¬ 
trol  both  instruments.  A  unique  feature  of  the  combined  in¬ 
strument  is  that  bias  errors  due  to  the  use  of  seeds  can  be 
evaluated.  The  combined  measurements  were  determined  to 
be  Favre-averaged  due  to  the  heavy  density  weighting  of  the 
LDV  measurements. 
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2.3  THIN-FILAMENT  PYROMETRY 


A  complete  study  of  turbulent  flames  requires  the  use  of  diagnostic  techniques  which 
are  capable  of  measurement  rates  in  excess  of  the  change  in  the  scalar  properties 
being  measured.  Nonintrusive  techniques,  in  general,  are  not  capable  of  such  high 
measurement  rates  (in  excess  of  5  kHz).  However,  one  method  which  has  been 
developed  and  applied  successfully  for  this  purpose  is  thin-filament  pyrometry  (TFP). 
This  technique  relies  upon  the  blackbody  emission  of  a  thin  ceramic  filament  for  mea¬ 
surement  of  the  temperature  distribution  in  a  flame.  High-repetition  thermometry  is 
possible  because  of  the  small  size,  low  thermal  conductivity,  and  high  emissivity  of  the 
filaments. 

The  groundwork  for  the  TFP  technique  evolved  from  studies  with  a  blackbody  fiber¬ 
optic  probe  which  was  developed  and  evaluated  by  SRL’s  Optical  Diagnostics  Group. 
U.  S.  Patent  No.  4,679,934  was  awarded  for  the  design  of  this  probe,  and  a  copy  of  the 
patent  is  included  in  this  section  (see  p.  73).  One  of  the  major  drawbacks  of  the  fiber¬ 
optic  probe  for  high-speed  thermometry  is  the  large  thermal  mass  of  the  probe.  This 
mass  reduces  the  frequency  response  of  the  probe  and  requires  that  some  form  of 
compensation  be  used  to  achieve  moderate-speed  thermometry.  If  the  mass  of  the 
probe  could  be  reduced,  an  attendant  reduction  in  the  natural  response  time  of  the 
probe  would  result.  Finally,  it  was  realized  that  if  small  ceramic  filaments  (~  15  mm) 
were  utilized  as  the  probe,  natural  response  times  in  excess  of  700  Hz  would  result. 

The  development  and  evaluation  of  the  TFP  technique  as  a  thermometric  probe  for 
combustion  studies  was  discussed  in  several  articles.  The  first  entitled,  "Evaluation  of 
Optical  Diagnostic  Techniques  for  High-Frequency  Temperature  Measurements,"  was 
presented  at  the  1987  Spring  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute  (see  p.  84).  A  second  article  entitled,  "Spatial  Temperature- 
Profile  Measurements  by  the  Thin-Filament-Pyrometry  Technique,"  appeared  in  Optics 
Letters  (see  p.  89).  A  third  which  discussed  a  steady-state  thermal  model  of  the  fila¬ 
ment  entitled,  "SiC-Based  Thin-Filament  Pyrometry:  Theory  and  Thermal  Properties," 
was  presented  at  the  22nd  Symposium  (International)  on  Combustion  (see  p.  92).  A 
fourth  paper  entitled,  "Thin-Filament  Pyrometry:  A  Novel  Thermometric  Technique  for 
Combusting  Flows,"  appeared  in  the  Journal  of  Engineering  for  Gas  Turbines  and 
Power  (see  p.  100).  A  fifth  entitled,  "Turbulent  Flame  Visualization  Using  Thin- 
Filament  Pyrometry  at  High  Sampling  Rates,"  was  presented  at  the  1989  Winter 
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Annual  Meeting  of  the  ASME  (see  p.  109).  Finally,  a  time-dependent  thermal  model  of 
the  filament  was  developed  and  discussed  in  the  paper,  "Optical  Diagnostics  for 
Reacting  and  Non-Reacting  Flows:  Recent  Developments  and  Results,"  which  was 
presented  at  the  28th  Aerospace  Sciences  Meeting  (see  p.  37). 
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and  used  by  or  for  the  Government  of  the  United  States 
for  all  governmental  purposes  without  the  payment  of 
any  royalty. 

BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  the  field  of  multi-channeled 
fiber  optic  temperature  measuring  instruments  and  to 
the  use  of  fiber  optic  coupled  black  body  transducers  in 
the  wide  range,  rapidly  changing  measurement  of  tem¬ 
peratures. 

High  temperature  fiber  optic  thermometry  offers  a 
plausible  solution  for  several  complex  problems  in  the 
temperature  measurement  art.  Among  these  problems  is 
the  measurement  of  rapidly  fluctuating  temperatures,  as 
found  in  a  flame;  temperature  measurement  in  the  pres¬ 
ence  of  strong  electromagnetic  fields,  as  in  electric  fur¬ 
naces  or  induction  furnaces;  temperature  measurement 
in  a  nuclear  radiation  environment,  and  temperature 
measurement  with  greater  accuracy  than  afforded  by 
the  present-day  thermocouple  measurement.  Fiber 
optic  thermometry  also  provides  new  answers  for  the 
problems  of  temperature  probe  or  thermocouple  lead 
heat  conduction,  temperature  probe  gas  flow  disrup¬ 
tion,  and  new  approaches  to  laboratory  standard  tem¬ 
perature  measurements.  Fiber  optic  thermometry  is 
perhaps  most  importantly,  however,  one  of  the  most 
promosing  approaches  for  measuring  the  temperature 
transients  encountered  in  a  turbulent  combustion  or 
sooty  combustion  atmosphere. 

The  recent  advent  of  improved  solid  state  photo¬ 
transducer  devices  having  useful  properties  in  the  infra¬ 
red  spectral  range  and  intended  principally  for  use  in 
the  fiber  optic  communications  field  has  added  new 
dimensions  to  the  capability  of  fiber  optic  temperature 
measurement  systems.  An  example  of  such  phototrans¬ 
ducer  devices  is  found  in  the  indium  gallium  arsenide 
photodiode  device  currently  manufactured  by  RCA 
Corporation,  and  known  as  the  C30980E  Photodiode. 
The  C30980E  photodiode,  which  is  preferred  in  the 
described  embodiment  of  the  present  invention,  is  de¬ 
scribed  technically  in  a  data  sheet  titled  “C30979E, 
C30979EQC,  C30980E,  C30980EL  InOaA,  Photodi¬ 
odes"  which  was  printed  in  September  1982  and  July 
1984  by  RCA  Corporation  and  in  RCA  advertisements 
such  as  appear  at  page  178  of  the  journal  Laser  Focus 
and  Fiberoptic  Technology,  April  1982.  Such  photodi¬ 
odes  are  sold  by  RCA  Corporation  from  a  New  Prod¬ 
ucts  Division  Office  on  New  Holland  Avenue  in  Lan¬ 
caster,  PA  17604-3140  and  from  a  Photodetector  Mar¬ 
keting  Office  located  at  Ste.  Anne  de  Bellevue,  Quebec, 
Canada  H9X  3L3.  The  RCA  and  similar  solid  slate 
photoelectric  transducer  devices  which  may  be  or  be¬ 
come  available  from  other  commercial  suppliers  have 
favorable  response  characteristics  in  a  portion  of  the 
infrared  spectrum  that  is  desirable  for  performing  tem¬ 
perature  measurements. 

Improvements  in  optical  temperature  measurement 
have  also  been  recently  achieved  at  the  National  Bureau 
of  Standards,  by  R.  R.  Dils  and  others,  as  is  exemplified 
by  the  Dils  articles  "High-temperature  Optical  Ther¬ 
mometer"  published  in  the  Journal  of  Applied  Physics, 
Vol.  54,  1983,  p.  1198  and  "A  Fiberoptic  Probe  for 


Measuring  High  Frequency  Temperature  Fluctuations 
in  Combustion  Gases”,  Sandia  Report  83-887 1  pub¬ 
lished  during  the  first  half  of  1984  by  R.  R.  Dils  and  D. 
A.  Tichenor.  Both  of  these  Dils  publications  are  hereby 
5  incorporated  herein  by  reference. 

The  patent  art  includes  several  examples  of  high  tem¬ 
perature  measuring  systems  which  precede  the  present 
invention.  Included  in  this  patent  art  is  the  patent  of  D. 
A.  Kahn,  U.S.  Pat.  No.  4,326,798,  which  concerns  an 
10  optical  pyrometer  system  employing  spectral  segrega¬ 
tion  of  signal  components  received  from  a  workpiece 
being  measured,  i.e.,  from  a  temperature  elevated  en 
gine  turbine  blade.  The  Kahn  patent  is  especially  con¬ 
cerned  with  the  avoidance  of  measurement  errors  re- 
15  suiting  from  transient  spurious  sources  of  heat  in  the 
measurement  field,  sources  such  as  might  be  provided 
by  heated  particles  of  carbon  in  the  workpiece  atmo¬ 
sphere.  Although  the  Kahn  patent  teaches  the  use  of 
such  herein  employed  elements  as  a  beamsplitter,  dual 
optical-to-electrical  transducers,  dual  amplifier  chan¬ 
nels  and  the  use  of  a  workpiece-inherent  black  body 
member,  the  thrust  of  the  Kahn  patent  is  in  the  direction 
of  performing  accurate  measurements  in  the  presence  of 
transient  spurious  sources  of  heat  and  in  the  elimination 
of  effects  from  these  transient  spurious  heat  sources. 

The  patent  of  Folke  Lofgren  et  ai,  U.S  Pat.  No 
4,409,476,  concerns  a  fiber  optic  temperature  measure¬ 
ment  arrangement  which  also  includes  cn  optical  beam- 
30  splitter  and  a  pair  of  optical-to-electrical  transducer 
elements  and  additionally  includes  a  photoluminescent 
black  body  solid  material  subjected  to  the  temperature 
being  measured.  The  photoluminescent  material  used  in 
the  Lofgren  patent  is  in  the  nature  of  a  semiconductor 
35  compound  and  exhibits  the  characteristic  of  responding 
to  excitation  by  a  light  source,  such  as  a  light  emitting 
diode,  by  emitting  light  of  a  different  wavelength—the 
emitted  light  wavelength  being  dependent  on  the  tem¬ 
perature  of  the  semiconductor  material.  The  Lofgren 
40  patent  contemplates  use  of  optical  signals  of  different 
spectral  content  at  two  photodetector  devices.  An  opti¬ 
cal  filter  is  inserted  in  the  path  of  one  or  both  photode¬ 
tector  devices.  The  Lofgren  patent  also  contemplates 
the  use  of  time  multiplexing  in  exciting  the  light  emit- 
45  ting  diodes — in  order  to  segregate  signals  resulting  from 
the  different  photoluminescent  detector  devices.  The 
Lofgren  patent  therefore  involves  a  time  multiplexed 
sensing  of  photoluminescent  materials  excited  by  pulses 
of  light  emitting  diode  light  using  a  beamsplitting  ar- 
jO  rangeroent  for  achieving  different  spectral  responses  in 
the  detector  unit. 

The  patent  of  Kenya  Goto,  U.S.  Pat.  No.  4,367,040, 
concerns  a  multichannel  multiplexed  optical  tempera¬ 
ture  measuring  system  wherein  light  supplied  from  an 
55  external  source  such  as  a  laser  diode,  is  transmitted 
bi-directionally  along  optica!  fiber  transmission  paths  to 
and  from  a  reflection  or  transmission  type  of  optical 
sensor.  The  optical  sensors  of  the  Goto  apparatus  mod¬ 
ulate  the  intensity  of  the  supplied  light  beam  in  response 
60  to  temperature  or  other  physical  quantities  being  mea¬ 
sured. 

The  patent  of  C  E.  Everest,  U.S.  Pat.  No  4,420,265, 
concerns  an  infrared  responsive  temperature  measuring 
system  intended  primarily  for  agricultural  applications 
65  and  having  the  ability  to  compensate  for  sky  radiation 
venations  included  in  the  measured  signal.  The  patent 
of  G  J.  Carlson,  U  S  Pat.  No.  3,486,378,  also  concerns 
a  temperature  measuring  apparatus  wherein  two  detec- 
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tor  cells  are  multiplexed— with  the  multiplexing  of  in¬ 
frared  energy  in  this  case  being  achieved  with  a  rotating 
disk  modulator  and  with  one  of  the  detectors  being 
excited  by  an  incandescent  lamp  or  other  reference  light 
source. 

While  each  of  these  patents  help  identify  the  state  of 
the  fiber  optic,  multiplexed  signal,  temperature  meau- 
surement  art  preceding  the  present  invention,  none  of 
the  measurement  devices  taught  by  these  patents 
achieve  the  advantages  of  dynamic  range  multiplexing 
and  the  other  techniques  of  the  present  invention. 

SUMMARY  OF  THE  INVENTION 

An  object  of  the  present  invention  is  to  provide  a 
fiber  optic  temperature  measuring  apparatus  of  unusual 
temperature  range  capability. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measuring  arrangement  wherein  plu¬ 
ral  phototransducers  are  employed  in  order  to  cover  a 
large  dynamic  range. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measurement  arrangement  wherein 
the  solid  state  phototransducer  devices  re  reasonably 
protected  from  excess  optical  signal  physical  damage. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measurement  arrangement  which 
combines  the  advantages  of  a  black  body  thermal  trans¬ 
ducer  with  operation  in  a  desirable  portion  of  the  infra¬ 
red  spectrum. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measurement  arrangement  which 
employs  the  characteristics  of  newly  available  photodi¬ 
ode  transducer  devices  to  achieve  a  desirable  spectral 
operating  region,  a  wide  dynamic  operating  range  and 
other  advantages. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measuring  system  which  minimizes 
the  disadvantages  of  materials  such  as  sapphire,  which 
have  high  cost  and  relatively  poor  temperature  signal 
conductivity,  but  are  nevertheless  needed  for  desirable 
high-temperature  therml  properties. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  tempen  'ure  measuring  system  using  the  inherent 
filtering  properties  of  optical  coupling  members  in  com¬ 
bination  with  optical  bandpasa  filtering  elements  to 
achieve  operation  in  an  unusual  and  desirable  portion  of 
the  infrared  spectrum. 

Another  object  of  the  invention  is  to  provide  a  tem¬ 
perature  measuring  apparatus  of  unusual  frequency 
domain  response  capability. 

Another  object  of  the  invention  is  to  provide  a  fiber 
optic  temperature  measuring  arrangement  suitable  for 
use  in  combustion  analysis  of  turbulent  combustion  and 
sooty  combustion  work  environs — environs  affording 
less  than  ideal  temperature  measuring  conditions. 

Additional  objects  and  features  of  the  invention  will 
be  understood  from  the  following  description  and  the 
accompanying  drawings. 

These  and  other  objects  of  tfc j  invention  are  achieved 
by  an  apparatus  providing  means  for  transducing  a 
work  environ  atmospheric  temperature  into  an  intensity 
nodulated  black  body  radiant  optical  signal,  means  for 
selecting  a  predetermined  spectral  band  of  the  black 
body  radiant  signal  as  an  intensity  analog  signal  repre¬ 
sentation  of  the  work  environ  temperature  band,  means 
for  splitting  the  intensity  analog  signal  into  a  plurality  of 
intensity  range  segregated  optical  components,  means 
for  converting  each  of  the  component  optical  signals 
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into  an  electrical  signal,  a  plurality  of  electrical  signals 
each  corresponding  to  a  component  optical  signal  re¬ 
sulting,  and  means  for  generating  a  temperature  indica¬ 
tion  signal  from  selected  of  the  plural  electrical  signals. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  is  a  diagram  of  a  fiber  optic  temperature  mea¬ 
suring  apparatus  made  in  accordance  with  the  inven¬ 
tion. 

10  FIG.  2  is  a  graphic  representation  of  a  wavelength 
versus  signal  strength  tradeoff  field  controlling  opera¬ 
tion  of  the  FIG.  1  apparatus. 

FIG.  3  shows  the  spectral  response  of  a  phototrans¬ 
ducer  device  preferred  in  the  FIG.  1  apparatus. 

13  FIG.  4  shows  the  optical  signal  attenuation  versus 
optical  wavelength  characteristics  for  signal  transmit¬ 
ting  media  usable  in  the  FIG.  1  apparatus. 

FIG.  5  is  a  block  diagram  of  an  electronic  system 
usable  for  converting  signals  from  the  FIG.  1  apparatus 
20  into  temperature  indications. 

DETAILED  DESCRIPTION 

FIG.  1  of  the  drawings  shows  a  fiber  optic  tempera¬ 
ture  measuring  apparatus  capable  of  temperature  mea- 
23  surements  over  an  unusually  large  dynamic  range  of 
1E7  or  greater.  The  principals  exhibited  in  FIG.  1  can 
be  extended  to  achieve  dynamic  ranges  of  even  larger 
value.  The  notation  form  1E7  used  herein  will  be  under¬ 
stood  to  mean  1  times  10  raised  to  the  seventh  power,  or 
30  lx  107.  The  notation  1E7  is  therefore  an  abbreviation 
for  one  times  ten  raised  to  the  exponent  (E)  seven  and  is 
a  notation  frequently  used  in  computer  programming 
and  similar  arts. 

The  term  "dynamic  range”  in  instruments  of  the  FIG 
35  1  type  is  understood  to  mean  the  ratio  of  maximum 
usable  signal  power  to  power  of  the  minimum  signal 
discernible  in  the  inherent  noise  of  the  instrument;  in 
other  words,  the  ratio  of  maximum  usable  signal  power 
to  inherent  noise  signal  power.  Limited  dynamic  range 
40  has  been  a  characteristic  of  instruments  preceding  the 
FIG.  1  system. 

The  FIG.  I  apparatus  includes  three  major  compo¬ 
nents,  a  work  environ  black  body  signal  source  100,  a 
signal  transmitting  optical  fiber  array  102.  and  a  detec- 
45  tor  assembly  104.  Preferred  arrangement  details  of  the 
black  body  signal  source  100  are  shown  in  the  expanded 
view  106  and  include  black  body  cavity-shaped  radiat¬ 
ing  member  110  which  is  surrounded  by  a  protective 
film  layer  112  and  received  on  the  end  of  a  high  temper- 
50  ature  optical  fiber  member  108. 

As  indicated  in  the  view  106  in  FIG  1,  the  black 
body  radiating  member  110  is  preferably  fabricated  as 
an  irridium  metal  film,  while  the  protective  film  layer 
112  is  preferably  fabricated  as  ar.  aluminum  oxide  film. 
55  and  the  optical  fiber  member  108  is  preferably  made 
from  a  bundle  of  sapphire  (aluminum  oxide)  fiber  ele¬ 
ments.  Alternates  for  these  preferred  materials  are  of 
course,  possible,  and  include  the  use  of  a  platinum  metal 
film  for  the  black  body  radiating  member  110.  other 
60  oxide  materials  for  the  protective  film  layer  112.  and 
quartz  fibers  in  limited  temperature  tange  applications 
for  the  sapphire  fiber  bundle  114  Tl  black  body  cav  ity 
radiating  member  110  is  preferably  form.d  over  the  end 
of  the  optical  fiber  bundle  108  by  sputtering  metal  depo- 
65  sition  techniques.  Other  fabrication  arrangements  in¬ 
cluding  an  irndium  or  tungsten  wire  disposed  in  front  ot 
the  fiber  bundle  terminal  or  a  mechanically  deformed 
metallic  sheet  stock  member;  or  alternately,  a  direct 
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image  of  flame  radiation  emission  can  be  used  in  some 
applications  of  the  FIG.  1  apparatus. 

Optical  signals  from  the  black  body  radiating  member 
110  are  conducted  along  the  sapphire  fiber  bundle  114 
to  a  low  temperature  fiber  bundle  118.  The  low  temper¬ 
ature  fiber  bundle  118  is  used  to  conduct  signal  over  the 
majority  of  the  distance  between  the  black  body  signal 
source  100  and  the  detector  assembly  104.  Optical  signal 
coupling  between  the  sapphire  fiber  bundle  114  and  the 
low  temperature  fiber  bundle  118  is  accomplished  by  an 
optical  coupler  116  of  a  type  known  in  the  fiber  optic 
art.  The  sapphire  fiber  bundle  114  is  of  course,  em¬ 
ployed  at  the  work  environ  end  of  the  path  between  the 
black  body  signal  source  100  and  the  detector  assembly 
104  in  order  to  withstand  the  elevated  temperatures  IS 
existing  in  the  work  environ,  i.e.,  the  temperatures 
being  measured  by  the  FIG.  1  apparatus.  The  sapphire 
fibers  in  the  bundle  114  are  capable  of  withstanding 
such  work  environ  temperatures,  but  are  undesirably 
inefficient  as  conductors  of  the  optical  signal  generated  20 
by  the  black  body  source  100;  in  view  of  this  conduction 
limitation  and  the  cost  of  sapphire  conductors,  the  bun¬ 
dle  114  is  preferably  arranged  to  be  as  short  as  possible. 

The  optical  signal  transmitted  along  the  fiber  array 
102  in  FIG.  1  emerges  from  the  end  terminus  120  !o-  25 
cated  within  the  detector  assembly  104  as  the  divergent 
optical  signal  indicated  at  122.  This  divergent  signal  is 
captured  and  collimated  by  the  lens  LI,  124,  which  may 
have  a  focal  length  in  the  range  of  2.5  cm.  The  colli¬ 
mated  signal  125  emerging  from  the  lens  LI,  124,  is  30 
captured  by  a  second  lens  L2,  128,  which  is  preferably 
of  a  focal  length  in  the  range  of  25  cm.  The  len*  ’.2, 128 
serves  to  focus  the  collimated  light  signal  !25  on  the 
active  surface  of  a  pair  of  photodiode  transducer  ele¬ 
ments  Tl.  140,  and  T2,  142.  A  bandpass  filter  BF,  126  is  35 
located  in  the  path  of  the  collimated  light  signal  125  in 
order  to  select  a  specific  spectral  band  of  optical  signal 
frequencies  for  use  in  the  transducer  elements  Tl,  140 
and  T2, 142.  As  indicated  subsequently  herein,  the  filter 
126  together  with  optical  wavelength  selective  signal  40 
attenuation  characteristics  inheient  in  the  optical  fibers 
102,  can  be  used  to  elect  a  desirable  range  of  the  optical 
spectrum  for  operating  the  FIG.  1  apparatus. 

In  the  FIG.  1  apparatus,  optical  signal  from  the  lens 
L2, 128  is  received  on  the  surface  of  a  pellicle  or  optical  45 
beamsplitting  member  BS.  130  which  preferably  has  the 
capability  of  dividing  the  optical  signal  into  ten  percent 
and  ninety  percent  intensity  ratio  components.  These 
components  are  subsequently  converted  into  electrical 
signals  having  different  intensity  weighting  factors.  The  50 
beam  splitter  reflected  optical  signal  component  134 
preferably  represents  ten  percent  of  the  optical  energy 
incident  on  the  beamsplitting  member  130,  while  the 
transmitted  component  132  represents  ninety  percent  of 
the  beamsplitter  received  optical  energy 

Each  of  the  beamsplitter  output  components  132  and 
134  ;•  further  attenuated  by  a  pair  of  optical  density 
attenuators  GDI,  136,  and  OD2,  138,  located  intermedi¬ 
ate  the  beamsphtrmg  member  130  and  the  photodiode 
transducer  elements  140  and  142  The  optical  path  of  60 
the  reflected  ten  percent  component  signal  134  prefera¬ 
bly  includes  an  optical  density  attenuate,  138  of  attenu 
anon  factor  beiween  3  and  3  5,  while  the  optical  path  of 
the  transmitted  component  132  includes  an  optical  den¬ 
sity  filter  of  a  lesser  attenuation  factor— between  0  4  65 
and  0  6.  CAn  optical  attenuator  of  attenuation  factor  or 
neutral  density  3  provides  attenuation  of  IF'  or  10 
while  «n  ■ttenusror  of  neutral  density  *  prov.Jcs  an 
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attenuation  of  1E4,  or  10*.)  As  a  result  of  the  reflected 
component  134  being  only  ten  percent  of  the  beamsplit¬ 
ting  member  received  optical  energy  and  the  attenua¬ 
tion  of  the  density  attenuator  138  falling  between  1,000 
5  and  10,000,  the  photodiode  trinviii^*  »i- wa*  T2, 142 
is  effectively  energized  only  upon  receipt  of  high  inten¬ 
sity  optical  signals. 

The  photodiode  transducer  element  Tl,  140  by  way 
of  receiving  the  beamsplitter  ninety  percent  component 
10  and  having  relatively  small  optical  attenuation  in  the 
optical  density  attenuator  OD1,  136  is  responsive  to 
low-level  optical  signals.  During  receipt  of  optical  sig¬ 
nals  of  sufficient  intensity  to  activate  the  transducer 
element  T2,  142,  the  low  ieve!  photodiode  transducer 
element  Tl,  140  is  however,  protected  from  phytical 
damage  by  the  presence  of  the  attenuator  136  and  its 
characteristic  of  attenuating  the  transmitted  optical 
signal  component  132  by  a  factor  of  iE4  to  IE6. 

Transducer  elements  of  ihe  preferred  solid  state  type 
are  found  generally  to  have  a  physic  I  damage  thresh¬ 
old  in  the  range  of  500  milliwatts  of  incident  optical 
energy;  the  optical  density  filter  OD1,  136  is  therefore 
provided  with  the  capability  of  attenuating  the  largest 
expected  transmitted  signal  component  132  to  this  or  a 
lower  level  and  is  principally  incorporated  m  the  FIG. 
1  apparatus  to  achieve  such  p.otectir  Cj  t:cai-to-elec- 
trical  transducers  of  the  solid  state  photodiode  type  are 
preferred  for  use  in  the  FIG.  1  apperr  tus  for  inter  alia 
reasons  relating  to  transducer  physical  damage  since  the 
most  plausible  alternative  transducer  device,  the  photo¬ 
multiplier  vacuum  tube  is  found  to  rridily  incur  photo- 
cathode  physical  damage  from  incident  optical  energy 
in  a  FIG.  1  type  apparatus. 

Each  of  the  transducers  Tl,  140  and  T2,  142  in  the 
FIG.  1  apparatus  is  preferably  a  type  C30980E  photodi¬ 
ode  supplied  by  RCA  Corporation,  or  alternately,  is  a 
device  of  similar  characteristics  from  another  source. 
Devices  of  this  type  are  sold  by  RCA  Corporation  in  a 
variety  of  sires  and  configurations,  including  some  ar¬ 
rangements  which  incorporate  light  pipes,  optical  fi¬ 
bers,  or  preamplifiers.  Such  devices  inherently  have 
good  speed  of  response  and  quantum  efficiencies,  how¬ 
ever  tradeoff  among  these  and  other  characteristics  are 
indicated  in  the  RCA  published  device  characteristics. 
Such  devices  are  capable  of  providing  the  spectral  re¬ 
sponse  indicated  in  FIG.  3  of  the  drawings.  Transducers 
or  detectors  of  this  type  are  preferably  fabricated  from 
alloys  of  indium,  gallium,  and  arsenic  or  indium  gallium 
arsenic/indium  phosphide  and  are  described  in  the 
above-referenced  RCA  Corporation  data  sheet.  A  series 
of  published  articles  also  describes  transducers  of  this 
type.  Several  articles  of  this  nature  are  to  be  found  in 
the  Institute  of  Electrical  and  Electronic  Engineer* 
(IEEE)  Transactions  on  Electron  Devices  and  notably 
55  in  special  issues  on  optoelectronic  devices  and  light 
emitting  diodes  and  long  wavelength  photodetecton 
found  at  Volume  ED-29.  Number  9.  September  1982 
and  Volume  ED-30.  Numl-er  4,  April  1983  The  paper 
"Long-Wavelength  1 1  3  to  I  6  nm)  Detectors  for  Fiber 
Optical  Communications"  by  C-  F  Stillman,  L.  W 
Cook,  G  E  Biiiman,  N  Tabaubaie.  R  Chin,  and  P  D. 
Dapkus  in  the  September  1982  transactions  publication 
and  the  papers  "InGaAtP  Phot. -diode*"  by  E  E  Still- 
mar.  L.  W  Cook,  N  Tahatabaie.  G  F  Bulman,  and  V. 
M  Robbins  found  at  page  '64.  and  "Large-Area  and 
Visible  Response  VPI  InGaAs  rnotodiodes"  by  P  P 
Webb  and  G  H  Olsen  found  v.  page  '95  of  the  April 
1 98  3  transavci, >ns  putif  aticr  a't  ,  >f  .pcc.i!  -.r.t:re*t  with 
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respect  to  such  devices.  The  text  of  these  IEEE  special 
issues  is  hereby  incorporated  by  reference  herein.  De¬ 
tectors  of  this  type  can  be  operated  either  as  a  photovol¬ 
taic  device — an  EMF  generator,  or  as  a  photoconduc- 
tive  device— a  variable  impedance  element  Since  the 
noise  related  leakage  current  (and  also  the  transducer 
output  signal  response)  is  lower  in  the  photoconductive 
mode  of  operation,  this  mode  of  transducer  operation  is 
preferred  in  FIG.  1. 

Transducers  of  this  type  have  principally  evolved  in 
response  to  a  need  in  the  fiber  optics  communications 
field  where  signals  in  the  infrared  spectral  region  are 
coupled  between  a  light  emitting  diode  and  a  receptor 
by  way  of  long  lengths  of  fiber  optic  media.  Photodiode 
transducer  elements  of  this  type  are  capable  of  operat¬ 
ing  over  a  linear  dynamic  range  in  the  order  of  1 E4.  By 
way  of  the  10/90  beamsplitting  member  130  and  the 
optical  density  attenuators  136  and  138  in  FIG.  1,  two 
individual  linear  ranges  of  1E4  are  stacked  or  added  to 
provide  an  overall  detector  assembly  dynamic  range  in 
the  order  of  1E8  in  the  FIG.  1  apparatus.  The  beam¬ 
splitting  member,  neutral  density  attenuator,  and  multi¬ 
ple  transducer  element  arrangement  of  the  detector  104 
in  FIG.  1  can  be  extended  to  include  additional  trans¬ 
ducer  elements  and  additional  operating  dynamic  range 
with  the  inclusion  of  adequate  protection  for  the  most 
sensitive  of  the  transducer  elements.  Tl,  140  in  FIG.  1, 
for  example  requires  protection  from  physical  damage 
during  receipt  of  optical  signals  of  the  highest  contem¬ 
plated  intensity.  Generally,  however,  some  difficulty  is 
to  be  expected  in  extending  the  dynamic  range  of  a 
FIG.  1  type  apparatus  significantly  beyond  the  1E8 
region  in  view  of  the  physical  damage  potential  for  the 
low-level  or  most  sensitive  of  the  transducer  elements. 

The  neutral  density  values  of  0.4-0.6  and  3.0-3.  J  in 
FIG.  1  together  with  the  10%  and  90%  attenuations  of 
the  beamsplitting  member  130  effectively  divide  the 
optical  signal  132  into  two  components  of  dynamic 
range  1E4  each.  The  optical  density  attenuators  136  and 
138  can  be  adjusted  or  selected  in  order  to  provide 
location  adjustment  of  these  ranges  and  to  provide  the 
slight  degree  of  range  overlap  desired  between  the 
transducer  elements  140  and  142  during  receipt  of  opti¬ 
cal  signals  in  the  mid-intensity  range. 

The  use  of  a  black  body  transducer  for  generating 
optical  signals  of  large  intensity  variation,  that  is,  signals 
affording  good  temperature  resolution  characteristics  is 
described  in  the  above-identified  1983  article  published 
by  Ray  R.  Dils.  The  1983  Oils  article  is  hereby  incorpo¬ 
rated  by  reference  into  the  present  specification.  The 
Dils  article  also  indicates  that  temperature  measurement 
has  been  based  on  use  of  an  optical  fiber  as  a  signal 
generator  in  addition  to  the  herein  described  use  of 
optical  fiber  as  a  signal  transmission  medium.  The  use  of 
an  optical  fiber  signal  generator  in  the  FIG  1  apparatus 
is,  of  course,  within  the  spirit  of  the  present  invention. 

By  way  of  explanation,  it  should  be  noted  that  the 
black  body  signal  source  100  in  FIG.  1  may  be  thought 
of  in  the  nature  of  a  transducer  device,  that  is,  a  device 
which  is  heated  in  the  work  environ  and  as  a  result  of 
this  heating  emits  an  intensity  varying  signal  usable  for 
measuring  the  work  environ  temperature  For  the  sake 
of  terminology  consistency  however,  the  word  "trans¬ 
ducer"  is  herein,  preferred  for  use  in  connection  with 
the  photodiode  elements  140  and  142  in  FIG  1 

The  optical  passband  of  the  spectrally  selective  ele¬ 
ments  in  the  FIG  1  apparatus  relates  to  a  notable  aspect 
of  the  present  invention  The  desired  properties  tor  the 
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bandpass  filter  126  and  the  optical  fiber  array,  the  prin¬ 
cipal  other  spectrally  selective  element  in  the  FIG.  1 
apparatus,  can  be  appreciated  with  the  assistance  of 
FIGS.  2,  3  and  4  in  the  drawings.  The  curves  in  FIG.  2, 

3  for  example,  show  the  relationship  between  spectral 
radiance  or  optical  signal  intensity  and  optical  spectrum 
wavelength  for  a  black  body  signal  source  operated  at  a 
series  of  different  temperatures;  the  FIG.  2  tempera¬ 
tures  201,  203,  etc.  are  measured  in  degrees  Kelvin. 
10  FIG.  3  as  indicated  above  shows  the  relationship  be¬ 
tween  electrical  output  signal  and  optical  input  signal 
wavelength  for  the  indium  gallium  arsenide  transducer 
element  preferred  for  use  in  the  transducer  element  PI, 
140  and  P2,  142  in  FIG.  1.  The  curves  in  FIG.  4  of  the 
15  drawings  show  the  relationship  between  optical  signal 
wavelength  and  optical  signal  attenuation  for  one  type 
of  sapphire  opticl  fiber  usable  in  the  fiber  bundle  114  in 
FIG.  1.  The  spectral  scales  200,  300  and  400  in  each  of 
FIGS.  2,  3,  and  4  include  a  desirable  portion  of  the 
20  optical  spectrum  for  use  in  the  FIG.  1  apparatus. 

The  spectral  radiance  or  signal  output  scale  202  in 
FIG.  2  extends  logarithmically  over  a  dynamic  range  of 
1E12.  Actually,  however,  some  signal  falling  outside 
the  range  of  FIG.  2  are  of  interest  in  the  present  inven¬ 
tion,  one  representation  of  such  signals  is  included  in 
Table  I  at  the  end  of  this  specification.  The  optical 
signal  wavelength  scale  200  in  FIG.  2  shows  portions  of 
the  near  and  far  infrared  spectrum  also  on  a  logarithmic 
jq  scale.  The  black  body  temperatures  in  FIG.  2  extend 
between  the  200*  K.  indicated  at  201  and  the  6000*  K. 
indicated  at  203.  An  operating  band  of  choice  for  the 
FIG.  1  instrument  is  shown  by  the  dotted  lines  204,  208, 
and  212  in  FIG.  2. 

j5  One  aspect  of  the  FIG.  2  curves  concerns  the  change 
in  optical  signal  dynamic  range  which  results  from  op¬ 
erating  a  black  body  temperature  transducer  at  different 
wavelengths  along  the  scale  200 — i.e.,  from  limiting  the 
spectral  band  of  interest  within  the  scale  200.  At  a 
40  wavelength  of  50  micrometers,  for  example,  the  temper¬ 
atures  between  200’  K.  ajnd  6000’  K.  invc've  a  signal 
dynamic  range  of  1E2,  while  at  a  wavelength  of  10 
micrometers  a  signal  dynamic  range  slightly  under  1E4 
is  generated.  At  a  wavelength  of  3  micrometers  more- 
45  over,  a  dynamic  range  in  the  neighborhood  of  1E9  is 
required  to  cover  the  temperatures  between  200’  and 
6000’  K. 

In  the  past,  wavelengths  in  the  range  of  0.6  to  0.8 
micrometers  have  been  employed  for  fiber  optic  probe 
50  temperature  measuring  instruments.  At  these  wave¬ 
lengths,  as  can  be  observed  in  FIG.  2,  an  optical  signal 
dynamic  range  capability  in  the  order  of  10l6and  10IJ, 
respectively,  is  needed  in  order  to  measure  tempera¬ 
tures  between  300’  and  2300*  K.,  the  temperatures 
55  found  in  a  possible  turbulent  combustion  flame.  A  prob¬ 
lem  has  therefore  existed  previously  in  that  no  known 
detector  was  possessed  of  such  large  dynamic  range 
capability  In  the  dynamic  range  sense,  therefore,  the 
large  output  signal  of  a  black  body  probe  is  desirable  for 
60  achieving  good  temperature  sensitivity  and  accuracy, 
but  is  somewhat  troublesome  when  the  need  to  cover 
wide  temperature  ranges  is  present. 

Optical  multiplexing  as  represented  by  the  beamsplit- 
ting  member  130  in  FIG.  1  makes  it  feasible  to  over- 
65  come  the  dynamic  range  problem  of  a  wide  temperature 
range  black  body  transducer  signal  through  splitting  the 
signal  into  multiple  component  signals  each  covering  a 
IE3-1F.4  dynamic  range 
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It  can  be  therefore  observed  from  FIG.  2  that  because 
of  dynamic  range  considerations  as  well  as  because  of 
spectral  attenuation  characteristics  discernible  in  FIG.  4 
of  the  drawings  a  shift  to  somewhat  longer  wavelengths 
than  the  previous  0.6  to  0.8  micrometer  wavelengths  is 
desirable  for  a  wide  range  fiber  optic  optical  pyrometer 
apparatus. 

From  the  combination  of  optical  fiber  attenuation 
characteristics  shown  in  FIG.  4,  photodiode  transducer 
characteristics  shown  in  FIG.  3,  and  b  lac  It  body  charac¬ 
teristics  shown  in  FIG.  2,  an  instrument  operating  in  the 
spectral  wavelength  region  iof  1.6  micrometers  can  be 
observed  to  be  desirable.  At  a  1.6  micrometer  spectral 
wavelength,  a  dynamic  range  of  1 E8  will  cover  a  tem¬ 
perature  range  on  the  order  of  400*-2300*  K.  with  some 
accuracy  falloff  below  500*  K..  and  will  provide  mea¬ 
surement  feasibility  for  the  variations  observed  in  a 
turbulent  flame  combustion  atmosphere.  The  dotted 
line  206  in  FIG.  2  and  the  arrow  204.  indicate  the  pre¬ 
ferred  1.6  micrometer  spectral  operating  wavelength  in 
FIG.  2.  The  dotted  lines  214  and  210,  the  arrows  212 
and  208  show  the  extent  of  the  signal  dynamic  range  for 
a  1.6  micrometer  spectral  wavelength  operating  point  in 
FIG.  2. 

Actual  photon  flux  values  in  watts  for  a  black  body 
device  operated  at  temperatures  between  300"  K.  and 
2300*  K.  are  shown  in  Table  1  at  the  end  of  this  specifi¬ 
cation.  As  indicated  by  these  photon  flux  values,  a  FIG. 
1  instrument  operated  with  a  center  optical  spectrum 
wavelength  of  1.6  micrometers  involves  a  signal  dy¬ 
namic  range  of  1E1 1  to  cover  the  temperature  band  of 
300*  K..  to  2300’  K.  A  large  pan  of  this  dynamic  range 
is,  however,  devoted  to  the  low,  or  room  temperature, 
end  of  this  temperature  band  so  that  an  instrument  cov¬ 
ering  the  temperature  band  of  500*  K.  to  2300*  K.  in¬ 
volves  a  signal  dynamic  range  of  1E6.  The  herein  pro¬ 
vided  dynamic  range  of  1E8  therefore  allows  a  lower 
temperature  intermediate  these  300*  K.  and  SCO*  K. 
values.  An  instrument  operating  in  the  0.7  micrometer 
wavelength  region  in  the  visible  area  of  the  spectrum 
would  require  a  dynamic  range  of  1E13  to  cover  the 
300*-2300*  K.  temperature  band;  clearly  the  selected 
1.6  micrometer  operating  frequency  and  1E8  dynamic 
range  are  preferable  for  an  instrument  of  moderate  sen¬ 
sitivity  that  is  to  be  capable  of  measuring  over  a  large 
range  of  temperatures. 

The  scales  300  and  302  in  FIG  3  indicate  value  of 
spectral  wavelength  and  relative  signal  amplitude,  re- 
speed*  :ly,  for  a  preferred  indium  gallium  arsenide  pho¬ 
todiode  transducer  device.  The  line  306  indicates  the 
location  of  the  preferred  1.6  micrometer  spectral  oper¬ 
ating  wavelength  and  the  point  308  in  FIG.  3  indicates 
location  of  this  desired  16  micrometer  wavelength  on 
the  response  curve  304  of  the  preferred  indium  gallium 
arsenide  photodiode  transducer  device.  Other  trans¬ 
ducer  devices  having  usable  output  signal  magnitudes  in 
the  1.6  micrometer  wavelength  region  could,  of  course, 
be  used  in  the  FIG  1  apparatus  as  an  alternate  to  the 
preferred  indium  gallium  arsenide  photodiode  trans¬ 
ducer. 

The  attenuation  response  of  sapphire  fiber  elements 
usable  in  the  high  temperature  opticl  fiber  bundle  114  in 
FIQ.  1  is  shown  in  FIG  4  of  the  drawings  In  FIG.  4, 
spectral  wavelengths  are  indicated  along  the  scale  400 
and  attenuation  values  along  the  scale  402.  In  FIG  4, 
the  attenuation  is  shown  to  include  two  curves  404  and 
406  lying  on  either  side  of  an  attenuation  peak  405  The 
attenuation  value  in  decibels  is  indicated  along  the  scale 
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402  in  FIG.  4  for  a  specified  fiber  length,  near  1000 
meters,  of  a  specific  sapphire  fiber  material.  Fibropail 
QSF200,  which  is  manufactured  by  the  Saphikon  Divi¬ 
sion  of  Tyco  Laboratories.  The  curve  406  portion  of 
5  FIG.  4  and  especially  the  point  412  and  the  lines  40?  and 
410  are  of  interest  with  respect  to  the  operating  point 
for  the  FIG.  1  apparatus — these  lines  and  points  relate 
to  the  1.6  micrometer  preferred  wavelength.  As  indi¬ 
cated  by  the  attenuation  values  along  the  scale  402  in 
10  FIG.  4,  the  sapphire  finer  bundle  portion  114  of  the 
signal  transmitting  optical  fibers  102  in  FIG.  1  contrib¬ 
utes  significantly  to  attenuation  of  the  optical  signal; 
indeed  only  the  indicated  desirable  characteristics  of  the 
sapphire  fibers  make  use  of  such  fibers  attractive  in  the 
15  FIG.  1  apparatus. 

The  curves  in  FIG.  4  also  indicate  that  the  sapphire 
fibers  in  the  bundle  114  contribute  desirably  to  the  opti¬ 
cal  wavelength  selection  achieved  in  the  FIG.  1  appara¬ 
tus.  The  curve  portion  406  in  FIG.  4,  for  example,  indi- 
20  cates  sharply  increasing  optical  attenuation  in  the  fiber 
bundle  114  at  wavelengths  of  1.5  micrometers  and  be¬ 
low;  this  curve  actually  therefore  indicates  the  sapphire 
bundle  to  be  a  wavelength  filter  which  together  with 
the  bandpass  filter  126  in  FIO.  1  defines  the  operating 
25  spectral  region  for  the  FIG.  1  apparatus.  The  bandpass 
filter  126  can  be  of  such  chsuactenstics  as  to  attenuate 
optical  wavelengths  lying  outside  the  <  '-  ■irp  attenuations 
shown  in  FIG.  4,  wavelengths  below  t.5  micrometers 
and  above  1.8  micrometers,  thereby  assuring  that  only  a 
30  small  spectral  band  round  the  1.6  micrometers  is  active 
in  the  FIG.  1  apparatus.  The  bandpass  filter  126  can  also 
be  used  to  accommodate  the  presence  of  undesirably 
short  lengths  in  the  fiber  bundle  114 — lengths  which  are 
too  short  to  achieve  the  desired  optical  signal  attenua- 
35  tion. 

FIG.  5  in  the  drawings  shows  a  block  diagram  repre¬ 
sentation  of  an  electronic  system  usable  for  processing 
the  electrical  signals  generated  by  the  photodiode  trans¬ 
ducer  elements  Tl,  140  and  T2,  142  in  FIG.  1.  These 
40  photo  transducer  elements  are  represented  in  electrical 
form  at  504  and  506  in  FIG.  5,  and  are  shown  symboli¬ 
cally  to  receive  photons  of  optical  energy  500  and  502. 
The  FIG.  5  electronic  system  includes  a  pair  of  elec¬ 
tronic  signal  preamplifiers  508  and  510  which  feed  the 
45  amplifier,  sample  and  hold,  and  analog-to-digital  con¬ 
verter  modules  504,  511.  The  preamplifiers  508  and  510 
are  preferably  of  the  junction  field  effect  transistor 
(JFETj  type  having  an  input  JFET  device  operated  in 
the  ‘uiu'iS- impedance  circuit  configuration  with  high 
50  input  impedance  and  low  output  impedance.  The  mod¬ 
ules  500  and  511  which  include  the  amplifiers  512  and 
512,  the  sample  and  bold  circuits  516  and  518,  and  the 
analog-to-digital  converters  520  and  522  are  available 
commercially  as  integrated  circuit  devices  from  suppli- 
55  era  such  as  Analog  Devices,  Inc.  The  modules  500  and 
511  can,  for  example,  be  data  acquisition  modules  identi¬ 
fied  as  Analog  Devices  Incorporated  part  numbers 
DAS  1156.  The  sample  and  hold  and  analog-to-digital 
converter  combination  nr.fersbly  provides  15  bit  reso- 
60  lution  with  tbrou  -;hput  raii-s  in  the  ran«e  of  20  lulohertr 
for  the  FIG  1  apparatus 

Digital  signals  provided  by  the  analog-to-digital  con¬ 
verters  520  and  522  are  time  sampled  by  the  multiplexer 
524  in  FIG  5,  and  transmitted  to  a  digital  computer  528 
65  by  way  of  a  data  bus  526  The  output  of  the  digital 
computer  528  is  transmitted  by  a  second  data  bus  530  to 
a  display  532  which  may  include  a  cathode  ray  tube  534, 
or  other  display  arrangements  The  display  532  may 
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also  include  a  keyboard  for  entering  operator  instruc¬ 
tions  and  display  selection  information. 

Since  the  two  photodiode  transducer  elements  Tl, 

140  and  T2, 142  or  their  electrical  representations  at  504 
and  506  in  FIG.  S  are  each  responsive  to  only  a  prede-  5 
tc  trained  intensity  range  of  signal  from  the  black  body 
source  100,  only  one  of  the  electrical  signals  received 
from  these  photodiode  transducer  elements  is  of  interest 
in  making  a  given  temperature  measurement.  A  high 
temperature  work  environ  measurement  producing  10 
large  intensity  signals,  for  example,  will  provide  a  us¬ 
able,  linear  operating  range,  signal  from  the  high  tem¬ 
perature  photodiode  transducer  element  T2.  142  and 
also  provide  a  larger  but  non-linear  operating  range 
signal  from  the  low  temperature  photodiode  transducer  13 
element  Tl,  140. 

Selection  between  the  signal  generated  by  the  photo¬ 
diode  element  506  and  the  signal  generated  by  the  pho¬ 
todiode  element  504  is  accomplished  in  the  computer 
528  in  FIG.  5  using  a  signal  amplitude  discriminating  20 
algorithm.  The  discriminating  algorithm  in  the  com¬ 
puter  528  should  provide  the  following  capabilities: 
Selection  of  the  signal  representing  transducer  opera¬ 
tion  within  the  transducer  linear  range 
Exclusion  of  transducer  signals  falling  above  a  prede-  23 
termined  linear  range  of  transducer  operation 
Selection  of  either  one  or  an  average  of  both  trans¬ 
ducer  signals  for  intermediate  intensity  signals 
Exclusion  of  a  transducer  signal  residing  within  the 
transducer  noise  background  level.  30 

A  signal  amplitude  responsive  algorithm  is  satisfactory 
for  performing  these  selections. 

Implementation  of  a  computer  algorithm  performing 
these  functions  is  of  course,  dependent  upon  the  type  of 
computer  used  at  528  and  the  operating  system  and  33 
programming  language  employed  with  the  computer,  a 
program  of  this  type  is,  in  any  event  within  the  capabil¬ 
ity  of  persons  skilled  in  the  computer  art. 

Dedicated  hardware  could,  of  course,  be  used  to 
replace  the  computer  528  and  the  display  552,  such  40 
hardware  would  include  amplitude  discriminating  cir¬ 
cuitry,  data  storage  devices,  and  a  display  in  the  form  of 
a  light  emitting  diode  alphanumeric  character  matrix  or 
a  liquid  crystal  matrix  of  the  type  commonly  used  in 
electronic  wristwatches.  A  cathode  ray  tube  display  43 
device  could  also  be  employed  with  such  a  dedicated 
hardware  system.  A  significant  portion  of  such  hard¬ 
ware  could  also  be  adapted  from  commercially  avail¬ 
able  temperature  indicating  instruments  which  operate 
with  a  thermocouple  or  other  sensing  devices.  30 

The  frequency  domain  response  of  the  temperature 
measuring  apparatus  in  FIG.  1  and  FIG.  5  can  extend 
into  the  kilohertz  region  and  thereby  enable  use  of  the 
apparatus  in  the  measurement  of  rapidly  fluctuating  or 
transient  temperature  conditions  such  as  may  exist  in  33 
engine  combustion,  turbulent  combustion,  or  sooty 
combustion  environs.  Thermal  inertia  in  the  black  body 
signal  source  100  and  limited  thermal  conductivity  in 
the  optical  fiber  bundle  114  are  the  most  limiting  consid¬ 
erations  in  determining  the  frequency  domain  response  60 
of  the  FIG.  1  and  FIG.  5  apparatus.  Through  the  use  of 
a  frequency  rolloff  compensation  algorithm  in  the  com¬ 
puter  528,  these  limitations  can  be  accommodated  to  a 
useful  degree  and  enable  higher  frequency  temperature 
measurement  capability  than  has  heretofore  been  avail-  63 
able.  Sampling  frequency  rates  up  to  20  kilohertz  are, 
for  example,  achievable  with  the  FIG.  1  and  FIG.  5 
apparatus.  Since  the  maximum  frequency  requirement 
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for  studying  events  in  a  turbulent  flame  has  been  found 
to  lie  in  the  region  of  10  kilohertz,  a  20  kilohertz  re¬ 
sponse  is  more  than  adequate  for  such  studies.  Notwith¬ 
standing  this  range  of  overall  system  response,  how¬ 
ever,  it  should  be  realized  that  the  naked  frequency 
domain  response  of  the  black  body  signal  source  100 
can  have  a  250  millisecond  time  constant;  the  extension 
of  responses  in  this  range  of  time  constants  to  the  20 
kilohertz  region  is  achieved  with  the  use  of  frequency 
domain  compensation  in  the  computer  528. 

Heretofore,  the  available  photon  transducers  for  the 
preferred  1.5  to  1.8  micrometers  spectral  wavelength 
region  have  been  comprised  of  germanium,  doped  ger¬ 
manium,  indium  antimonide,  and  lead  selinide.  The 
addition  of  the  preferred  indium  gallium  arsenide  trans¬ 
ducer  provides  a  noise  equivalent  power  output  from 
the  transducer  which  is  superior  to  previous  detector 
types  by  more  than  an  order  of  magnitude  when  mea¬ 
sured  in  the  non-cooled  or  300*  K.  temperature  environ¬ 
ment.  The  quantum  efficiency  of  indium  gallium  arse¬ 
nide  is  on  the  order  of  60%  at  the  preferred  1.6  microm¬ 
eter  operating  wavelength.  The  indium  gallium  arsenide 
photodiode  transduce”  provides  junction  capacitances 
comparable  to  that  of  silicon  PIN  detectors  and  is  there¬ 
fore  suitably  low  for  high  frequency  domain  tempera¬ 
ture  measurement  operation. 

Calibration  of  the  FIG.  1  and  FIG.  5  apparatus  to 
provide  absolute  temperature  measurement  may  be 
achieved  by  calibrating  the  electro-optical  response 
function  with  the  aid  of  a  black  body  radiation  source. 
Single  point  calibration  can  be  used  to  allow  computa¬ 
tion  of  the  absolute  temperature  using  a  transfer  func¬ 
tion  relationship  since  the  emissivity  of  imciium  Or  one 
Of  the  alternate  black  body  materials  is  substantially 
temperature  independent,  as  can  be  seen  from  the  expla¬ 
nation  for  photon  flux  vs.  temperature  below.  The  FIG. 
1  and  FIG.  5  apparatus  is  capable  of  temperature  mea¬ 
surements  with  resolution  and  accuracy  exceeding  0.5 
percent  over  the  selected  temperature  range. 

The  use  of  a  black  body  transducer  in  order  to  obtain 
increased  temperature  measurement  sensitivity  is  based 
on  a  convolution  of  the  optical  fiber  bandpass  charac¬ 
teristics  with  Planck’s  black  body  radiation  equation, 
such  a  convolution  enables  the  measurement  of  temper¬ 
ature  from  a  measurement  of  photon  flux  arriving  at  a 
photodiode  transducer  element.  The  applicable  Planck 
equation  has  the  form  of 
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where 

as  area  of  the  cavity  exit  (m2) 

to  —  apparent  emittance  of  the  cavity 

ci=first  radiation  constant  (3.74 1 8 x  10- 16  W  M2) 

C2  =  second  radiation  constant  ( 1 .43879 x  IO~2m.K.) 

wavelength  in  vacuum  (m) 

T  =  temperature  (K) 

\o  is  herein  selected  to  provide  maximum  lemperature 
change  sensitivity  and  low  optical  signal  absorption  in 
sapphire  at  elevated  temperatures. 

While  the  apparatus  and  method  herein  described 
constitute  a  preferred  embodiment  of  the  invention,  it  is 
to  be  understood  that  the  invention  it  not  limited  to  this 
precise  form  of  apparatus  or  method,  and  that  changes 
may  be  made  therein  without  departing  from  the  scope 
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of  the  invention,  which  is  defined  in  the  appended 
claims. 


TABLE  I 


Black  Cody  Probe  Intensity  Variation  u  a  Function  of  Terapar- 
ature  with  a  Central  Wavelength  of  IdOO  nm  and  Halfwidth  of 
!00  nm;  W  =  Waits. 

TCK.) 

Imenuty  (W) 

TCK) 

Intensity  (W) 

3000 

0.32867E-  10 

350.0 

0  I9043E-0* 

4000 

0.4I009E-07 

450  0 

0.45345E  — 06 

500.0 

0  31322E  -05 

5500 

0  I533IE— 04 

600.0 

0.57866E  -04 

650  0 

C.17868E— 03 

700  0 

0.47087E-0J 

7500 

0  I0926E-02 

8000 

0  22357E  -02 

850  0 

0.43890E  — 02 

900.0 

0  78459E-02 

950  0 

0  IS204E-01 

1000  0 

0.21107E-01 

1050  0 

0  32282E-01 

11000 

0.47525E  -01 

1150.0 

0.67673E  — 01 

1200.0 

0.93596E-01 

1250.0 

0.126I7E  +  00 

1300.0 

0  I6624E+00 

1350.0 

0.2I466E4- 00 

1400.0 

0.2722  IE  +  00 

1450.0 

0  33963E  *00 

1500  0 

041739E+00 

1550.0 

0  50670E  +  00 

1600  0 

0  60750E+00 

1650.0 

0  72045E+00 

17000 

0  84593E  +  00 

17500 

0  98426E  +  00 

18000 

0  II357E  +  0I 

1850.0 

0.I3O04E  +  0I 

19000 

0.147ME  +  0I 

1950.0 

Q.I6699E  +  Q1 

2000.0 

0  1I748E  +  01 

2050.0 

0.20931E+01 

21000 

0  23247E  +  01 

2150.0 

0  25694E  +  0J 

2200.0 

0  26270E+0! 

22500 

0.30973E  4-01 

23000 

0  33802E+OI 

We  claim: 

1.  Large  temperature  range  optical  pyrometer  appa¬ 
ratus  comprising: 

optical  beamsplitting  means  for  segregating  photon 
flux  optical  signals  into  first  and  second  component  30 
optical  signals  of  predetermined  segregated  inten¬ 
sity  range  ratio; 

optic  means  for  transmitting  photon  flux  optical  trans¬ 
mission  signals  from  adjacent  an  elevated  tempera¬ 
ture  work  environ  to  said  beamsplitting  means;  35 

first  optical  attenuation  means  for  generating  from 
said  first  component  optical  signal  a  first  attenuated 
optical  signal  of  first  intensity  ratio  relationship 
with  said  first  component  optical  signal; 

second  optical  attenuation  means  for  generating  from  40 
said  second  component  optical  signal  a  second 
attenuated  opt  signal  of  second  intensity  ratio 
relationship  with  said  second  component  optical 
signal; 

first  optical-to-electrical  transducer  means,  of  smaller  45 
dynamic  range  capability  than  said  photon  fhu 
energy  optical  signal,  for  generating  Tint  electrical 
signals  amplitude  responsive  to  said  first  attenuated 
optical  signal  intensity; 

second  optical-to-electrical  transducer  means  of  50 
smaller  dynamic  range  capability  than  said  photon 
flux  energy  optical  signal,  for  generating  second 
electrical  signals  amplitude  responsive  to  said  sec¬ 
ond  attenuated  optical  signal  intensity;  and 

means  responsive  to  the  amplitude  of  a  selected  one  55 
of  said  first  and  second  electrical  signals  for  gener¬ 
ating  a  pyrometer  output  temperature  indication 
signal. 

2.  The  apparatus  of  claim  1  further  including  optical 
filter  means  for  limiting  the  spectrum  of  said  first  and  60 
second  attenuated  optical  signals  to  a  predetermined 
spectral  band 

3  The  apparatus  of  claim  2  wherein  said  optical  filter 
means  includes  a  limiting  spectral  response  in  said  optic 
transmission  means  65 

♦.  The  apparatus  of  claim  3  wherein  said  optic  trans¬ 
mission  means  limiting  spectral  response  lies  on  one 
spectral  wavelength  side  of  said  predetermined  spectral 
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band  and  said  optical  filter  means  further  includes  an 
optical  filter  element  of  limited  spectral  response  lying 
on  the  opposite  spectral  wavelength  side  of  said  prede¬ 
termined  spectra]  band. 

5.  The  apparatus  of  claim  4  wherein  said  spectral 
band  includes  the  spectral  wavelength  of  1  6  microme¬ 
ters. 

6.  The  apparatus  of  claim  1  further  including  a  black 
body  transducer  element  ocated  within  said  work  envi¬ 
ron  intermediate  said  environ  and  a  work  environ  termi¬ 
nus  of  said  optic  means. 

7.  The  apparatus  of  claim  6  wherein  said  black  body 
transducer  element  is  comprised  of  a  metal  taken  from 
the  group  of  platinum  and  irndium. 

8.  The  apparatus  of  claim  7  wherein  said  black  body 
transducer  element  includes  a  protective  film  of  oxide 
material  disposed  over  the  metal  surface  adjacent  said 
work  environ. 

9.  The.  apparatus  of  claim  1  wherein  said  optic  trans¬ 
mission  means  includes  a  transmission  element  com¬ 
prised  of  sapphire. 

10.  The  apparatus  of  claim  9  wherein  said  optic  trans¬ 
mission  means  includes  a  high  temperature  sapphire 
transmission  element  adjacent  said  work  environ  and 
low  temperature  fiber  optic  means  intermediate  said 
sapphire  transmission  element  and  said  beamsplitting 
means. 

11.  The  apparatus  of  claim  1  wherein  said  first  and 
second  optical-to-electrical  transducer  means  each  in¬ 
clude  a  transducer  element  comprised  of  indium  gallium 
arsenide. 

12.  The  apparatus  of  claim  1  wherein  said  means  for 
generating  a  pyrometer  output  temperature  indication 
signal  includes  selection  means  responsive  to  the  ampli¬ 
tude  of  said  first  and  second  rler-trical  signals  for  select¬ 
ing  between  said  electrical  signals  in  generating  said 
pyrometer  output  indication  signal. 

13.  The  apparatus  of  claim  1  wherein  said  beamspiit- 
ting  means  includes  a  beamsplitting  pellicle  member, 

said  first  component  signal  is  transmitted  through  said 
pellicle  member,  said  second  component  optical 
signal  is  reflected  from  said  pellicle  member  and 
said  second  component  reflected  optical  signal  is  of 
lesser  intensity  than  said  first  component  transmit¬ 
ted  optical  signal; 

whereby  said  transmitted  first  component  signal  cor¬ 
relates  with  a  low  intensity,  low  temperature  por¬ 
tion  of  the  dynamic  range  of  said  pyrometer  and 
said  reflected  second  component  signal,  correlates 
with  a  high  intensity  high  temperature  portion  of 
said  dynamic  range  of  said  pyrometer. 

14.  The  apparatus  of  claim  13  wherein  said  first  opti¬ 
cal  attenuation  means  is  of  smaller  attenuation  capabil¬ 
ity  than  said  second  optical  attenuation  means; 

whereby  said  second  lower  intensity  component  opti¬ 
cal  signal  is  attenuated  by  a  greater  degree  than 
said  first  component  optical  signal  and  the  portions 
of  said  pyrometer  dynamic  range  correlating  with 
said  component  signals  are  further  segregated 

15.  The  apparatus  of  claim  2  wherein  said  spectral 
band  is  located  at  a  spectral  wavelength  of  limited  opti¬ 
cal  signal  intensity  dynamic  range 

16  The  apparatus  of  claim  15  wherein  said  optical-to- 
electrical  transducer  means  includes  a  transducer  ele¬ 
ment  comprised  of  indium,  gallium,  and  arsenic,  said 
selected  spectral  band  includes  the  wavelength  of  1  6 
micrometers,  one  of  said  attenuation  means  is  capable  of 
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attenuation  greater  than  one  thousand  times  and  the 
other  of  said  attenuation  means  is  capable  of  attenuation 
less  than  one  hundred  times. 

17.  The  method  for  optically  measuring  a  wide  band 
of  work  environ  temperatures  comprising  the  steps  of: 

transducing  a  work  environ  temperature  into  an  in¬ 
tensity  modulated  black  body  radiance  optical  sig¬ 
ned; 

selecting  a  predetermined  spectral  band  of  said  black 
body  radiance  signal  as  an  intensity  signal  represen¬ 
tation  of  said  work  environ  temperature  band; 

splitting  said  intensity  signal  into  a  plurality  of  inten¬ 
sity  range  segregated  optical  signal  components; 

converting  each  of  said  component  optical  signals 
into  an  electrical  signal,  a  plurality  of  said  electrical 
signals  each  corresponding  to  a  component  optical 
signal  and  representing  a  range  of  work  environ 
temperatures  thereby  resulting;  and 

generating  a  temperature  indication  signal  from  a 
selected  sequence  of  said  plural  electrical  signals. 

18.  The  method  of  claim  17  further  including  attenu¬ 
ating  each  of  said  component  optical  signals  by  a  differ¬ 
ing  predetermined  amount  in  inverse  correspondence 
with  said  segregated  intensity  ranges; 

whereby  the  dynamic  range  of  each  said  component 
signal  converted  into  an  electrical  signal  is  similar 
and  within  the  linear  dynamic  range  of  means  per- 

,  forming  said  converting. 

19.  The  method  of  claim  17  wherein  said  step  of  se¬ 
lecting  a  predetermined  spectral  band  includes  rejecting 
the  black  body  spectral  band  of  maximum  signal  dy¬ 
namic  range: 

whereby  optical  signals  of  large  dynamic  range  and 
transducer  physical  damage  capability  are  ex¬ 
cluded  from  said  converting  step  and  limited  dy¬ 
namic  range  converting  is  enabled. 

20.  The  method  of  claim  19  wherein  said  step  of  split¬ 
ting  said  intensity  signal  into  a  plurality  of  signal  com¬ 
ponents  comprises  splitting  said  intensity  signal  into  two 
signal  components  of  dissimilar  intensity  range. 

21.  Apparatus  for  optically  measuring  a  wide  band  of 
work  environ  temperatures  comprising: 

means  for  transducing  a  work  environ  temperature 
into  an  intensity  modulated  black  body  radiance 
optical  signal; 

means  for  selecting  a  predetermined  spectral  band  of 
said  black  body  radiance  signal  as  an  intensity  ana¬ 
log  signal  representation  of  said  work  environ  tem¬ 
perature  band; 

means  for  splitting  said  intensity  analog  signal  into  a 
plurality  of  intensity  range  segregated  optical  sig¬ 
nal  components; 

means  for  converting  each  of  said  component  optical 
signals  into  an  electrical  signal,  a  plurality  of  elec- 
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trical  signals  each  corresponding  to  a  component 
optical  signal  resulting;  and 

means  for  generating  a  temperature  indication  signal 
from  selected  of  said  plural  electrical  signals. 

5  22.  Apparatus  for  optically  measuring  fluctuating 

work  environ  temperatures  in  the  range  of  500  to  2300 
degrees  Kelvin  comprising: 

an  irridium  black  body  transducer  member  capable  of 
being  immersed  in  said  work  environ  and  of  gener- 
10  ating  a  black  body  radiance  signal  when  heated  by 
said  environ; 

an  optical  beamsplitter  member  capable  of  dividing  a 
radiance  signal  sample  into  ten  and  ninety  percent 
intensity  components; 

15  an  optical  transmission  member  including  optically 
coupled  sapphire  fiber  and  glass  fiber  portions  lo¬ 
cated  intermediate  said  work  environ  and  said 
beamsplitting  members  respectively,  and  capable 
of  transmitting  optical  radiance  signal  samples 
20  therebetween; 

optical  filter  means  located  in  the  path  of  said  optical 
radiance  signal  sample  for  rejecting  radiance  signal 
spectral  components  external  of  a  band  between  1.5 
and  1.8  micrometers  of  spectral  wavelength; 

25  a  first  neutral  density  attenuation  member  of  density 
factor  between  four-tenths  and  six-tenths  located  in 
the  ninety  percent  intensity  component  path  of  said 
beamsplitter; 

a  second  neutral  density  attenuation  member  of  den- 
30  sity  between  three  and  three  and  one-half  located 

in  the  ten  percent  intensity  component  path  of  said 
beamsplitter; 

a  first  optical  signal  to  electrical  signal  detector  mem¬ 
ber  comprised  of  a  room  temperature  maintained 
35  gallium  indium  and  arsenic  compound  photodiode 
capable  of  converting  said  four-tenths  to  six-tenths 
density  attenuated  beamsplitter  ninety  percent 
component  into  a  first  electrical  signa;  said  detec¬ 
tor  member  diode  having  a  linear  dynamic  trans- 
40  ducer  range  between  1E5  and  1E6; 

a  second  optical  signal  to  electrical  signal  detector 
member  comprised  of  a  room  temperature  main¬ 
tained  gallium  indium  and  arsenic  compound  pho¬ 
todiode  and  capable  of  converting  said  three  to 
45  three  and  one-half  density  attenuated  beamsplitter 
ten  percent  ccmponi.m  into  a  second  electrical 
signal,  said  detector  member  diode  having  a  linear 
dynamic  transducer  range  between  1E5  and  1E6; 
and 

50  means  responsive  to  a  selected  one  of  said  first  and 
second  electrical  signals  for  generating  a  measured 
temperature  indication. 

23.  The  apparatus  of  claim  22  wherein  said  optical 
filter  means  is  comprised  of  a  first  limited  spectral  pass- 
55  band  residing  in  said  optical  transmission  member  and  a 
filter  member  of  second  limited  spectral  passband. 

•  •  •  •  • 
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EVALUATION  OF  OPTICAL  DIAGNOSTIC  TECHNIQUES  FOR 
HIGH-FREQUENCY  TEMPERATURE  MEASUREMENTS 


V.  Vilimpoc,  L.  P.  Goss,  and  B.  Sarka 
Systems  Research  Laboratories,  Inc. 
2800  Indian  Ripple  Road 
Dayton,  OH  45440-2696 


A  complete  study  of  turbulent  flames  requires  the  use  of  diagnostic 
techniques  capable  of  measurement  rates  in  excess  of  the  change  in  the 
scalar  properties  being  measured.  Nonintrusive  techniques,  in  general, 
are  not  capable  of  such  high  measurement  rates  (in  excess  of  5  kHz). 
However,  one  such  method  which  has  been  applied  successfully  for  this 
purpose  is  thin-fi lament  pyrometryj  This  technique  relies  upon  the 
olackbody  emission  of  a  thin  ceramic  filament  for  measurement  of  the 
temperature  distribution. 

The  major  advantages  of  this  technique  are  high-frequency  response,  good 
spatial  resolution,  and  high-sampling-rate  capability.  The  method  can 
be  used  to  measure  a  temperature  profile  along  a  line  or  at  a  point.  It 
has  been  applied  successfully  to  the  study  of  diffusion  and  prerrixed 
flames  to  obtain  temperature  profiles  in  both  modes  of  operation. 

The  filament  is  made  of  ultrafine  e-SIC  with  excess  carbon.2  The  fiber 
diameter  (10  -  20  ym)  and  thermal  conductivity  (10  kcal/m  •  hr  •  °C 
along  the  fiber  axis  at  room  temperature)  allow  the  fiber  to  respond 
rapidly  lu  temperature  changes.  The  fiber  has  been  verified  experimen¬ 
tally  to  be  graybody  in  radiometric  terms,  i.e.,  its  emissivity  (0.88) 
is  not  temperature  dependent. 

The  optical  arrangement  for  obtaining  a  temperature  profile  along  a  line 
is  shown  in  Fig.  1.  The  rotating  mirror  and  lenses  image  a  different 
portion  of  the  radiating  fiber  onto  a  single-element  InGaAs  detector.  A 
LeCroy  high-speed  digitizer  then  digitizes  the  analog  voltage  output 
from  the  detector  and  sends  the  data  to  the  computer  for  storage  and 
further  analysis.  The  HeNe  and  the  PIN  photodiode  provide  the  necessary 
synchronization  signal  for  proper  digitization  of  the  image.  The  effec¬ 
tive  rotation  speed  of  the  mirror  used  in  this  experiment  is  1000  Hz, 
corresponding  to  a  scan  period  of  1  ms,  and  the  fiber  image  is  recorded 
in  a  200-ys  interval.  Estimates  of  fiber  response  are  between  1  and 
2  ms;  therefore,  the  time  required  to  record  the  image  is  considered  to 
be  adequate.  The  intensity  data  are  converted  to  temperature  by  cali¬ 
bration  of  the  detector  response  against  a  known  temperature.  In  the 
case  of  the  hydrogen  diffusion  flame,  the  calibration  intensity  was 
obtained  from  a  stoichiometric  hydrogen  flame.  The  detector  response  as 
a  function  of  wavelength  was  obtained  experimentally  and  convolved  with 
an  integrated  blackbody-radiatlon  curve  to  obtain  a  calibration  curve 
for  conversion  of  intensity  to  temperature  for  the  particular  detector 
(see  Fig.  2) . 
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In  the  case  of  a  dynamic  event  where  temperature  fluctuates  slowly  rela¬ 
tive  to  the  rotation  speed  of  the  scanning  mirror,  a  complete  temporal 
history  of  the  event  can  be  obtained  by  this  method.  Several  profiles 
at  different  elevations  above  an  H2-N2  diffusion  flame  are  shown  in  Fig. 

3.  The  flame  is  axi symmetric,  and  the  ■riber  is  located  along  the  cen¬ 
tral  plane  of  the  flame.  The  evolution  of  the  flame  structure  and  phy¬ 
sical  processes  governing  it  can  be  interpreted  from  this  figure.  Near 
the  nozzle  exit  the  core  of  unburnt  fuel  is  surrounded  by  hot  reacting 
gas  which  results  from  the  combustion  of  the  fuel  with  the  co-annular 
flowing  air.  This  reaction  zone  is  well  defined  and  steady  near  the 
nozzle  due  to  the  molecular-transport  nature  of  the  mixing  process  in 
this  region.  Because  of  the  difference  in  velocities  between  the  inner 
core  of  fuel  and  the  co-annular  flowing  air,  a  shear  layer  is  formed 
which  has  a  velocity  gradient  which  tends  to  transport  the  air  into  the 
fuel  core  and,  thus,  promote  mixing.  The  combusting  zone  enlarges  as 
more  and  more  fuel  undergoes  combustion,  resulting  in  a  rise  in  tempera¬ 
ture  with  increasing  elevation.  The  increase  in  temperature,  in  turn, 
promotes  the  formation  of  a  buoyancy-driven  vortex  whose  velocity  can  be 
deduced  from  the  spacings  between  the  troughs  and  crests  in  the  figure 
along  the  time  axis.  These  buoyancy-driven  vortices  grow  as  a  function 
of  height  and,  at  ^  100  mm  axial  location,  show  signs  of  wrapping  the 
flame  surface  back  upon  itself.  These  vortices  are  radially  symmetric 
but  axially  nonsymmetric  due  to  this  expansion. 

When  temperature  data  at  a  point  is  desired,  the  rotating  mirror  in  Fig. 
1  can  be  replaced  by  a  stationary  mirror.  The  rate  of  data  acquisition 
can  be  increased  significantly  for  studying  highly  dynamic  events.  To 
assess  the  feasibility  of  this  technique  for  studying  turbulent  flames, 
a  premixed  propane-air  flame  from  a  Bunsen  burner  was  studied.  The 
burner  has  a  turbulence  generator  in  the  form  of  four  protrusions  into 
the  jet  stream  about  one  diameter  from  the  nozzle  exit.  In  this  case 
the  inner  cone  exhibits  highly  turbulent  fluctuation.  The  outline  of 
the  inner  cone  at  different  heights  is  imaged  onto  the  detector.  The 
intensity  as  a  function  of  time  at  different  elevations  is  shown  in  Fig. 

4.  The  digitization  rate  in  this  case  is  5000  Hz.,  and  the  period  of 
observation  is  200  ms.  The  turbulence  fluctuation  is  near  maximum  close 
to  the  tip  of  the  inner  cone  of  the  flame  and  decreases  with  further 
increase  in  elevation  due  to  viscous  damping.  It  can  be  seen  from  this 
figure  that  the  fiber  response  was  more  than  adequate  for  tracking  the 
temperature  fluctuations. 
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Figure  1.  Thin-Fiber-Thermometry  Optical  Layout. 


>- 

h- 


OO 


LU 

cn 


TEMPERATURE  (K) 


Figure  2. 


Relative  Emission  Curve  from  Si C  Thin  Filament 
as  Detected  by  InGaAs  Detector. 
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Figure  3.  Temperature  Profiles  of  Nitrogen-Diluted  Hydrogen 
Diffusion  Flame  at  Various  Axial  Locations  (Z). 
Each  Channel  in  X-Axis  Corresponds  to  50  y . 


87 


KepriDiea  iroin  optics  Leuerb,  voi.  10,  page  ».J,  reoruary 
Copyright  ©  1988  by  the  Optical  Society  of  America  and  reprinted  by  permission  of  the  copyright  owner. 


Spatial  temperature-profile  measurements  by 
the  thin-filament-pyrometry  technique 


V.  Vilimpoc,  L.  P.  Goss,  and  B.  Sarka 

Systems  Research  Laboratories,  Inc.,  2800  Indian  Ripple  Hoad.  Dayton,  Ohio  •J54-10-36.% 


Received  July  23,  1987;  accepted  October  30.  1987 

A  novel  technique  for  making  temperature  measurements  in  combusting  flows  is  described  This  technique,  thin- 
filament  pyrometry,  is  based  on  the  graybody  emission  of  a  small  ceramic  filament  (15  I,  which  is  introduced  into 
the  flow  field  under  study.  The  technique  is  applicable  over  the  temperature  range  1000-2600  K  The  temporal 
response  of  the  filament  is  a  function  of  the  velocity,  constituents,  and  temperature  of  the  flow  field  but  under 
ambient  conditions  is  ~750  Hz  (1/e).  The  emission  from  the  filament  can  be  recorded  over  the  entire  length  of  the 
filament,  allowing  the  complete  spatial  temperature  distribution  to  be  recorded. 


A  complete  study  of  turbulent  flames  requires  the  use 
of  diagnostic  techniques  capable  of  measurement 
rates  in  excess  of  the  change  in  the  scalar  properties 
under  study.  Nonintrusive  techniques,  with  a  few 
exceptions,1-3  are  incapable  of  such  high  measurement 
rates  (in  excess  of  1  kHz).  Probe  techniques  (i.e., 
small  thermocouples  and  optical-fiber  thermometers) 
can  operate  at  high  frequency  rates  but  yield  tempera¬ 
ture  data  only  at  one  spatial  location,  suffer  from  per¬ 
turbations  to  the  flow  field,  and/or  require  complicat¬ 
ed  compensation  schemes.4-5  In  this  Letter  we  de¬ 
scribe  a  novel  technique  capable  of  moderate- 
frequency  temperature  measurements  along  a  line. 
The  technique,  thin-filament  pyrometry  (TFP),  relies 
on  the  graybody  emission  of  a  thin  ceramic  filament 
(SiC)  in  the  wavelength  range  0.8-1.8  m m  for  measure¬ 
ment  of  the  temperature  distribution  in  a  combusting 
flow  field.  The  technique  is  limited  to  nonsooting 
flames  since  the  emission  from  soot  can  interfere  with 
the  filament  emission.  The  TFP  technique  is  similar 
to  a  technique  reported  by  Ferguson  et  al.,6  in  which 
the  emission  from  a  silica-coated  platinum-plati- 
num-13%  rhodium  thermocouple  was  monitored  to  de¬ 
termine  flame  temperatures.  The  major  differences 
between  the  earlier  study  and  the  present  one  are  the 
use  of  a  /S-SiC  filament  for  emission  and  the  fact  that 
line  rather  than  point  measurements  are  being  report¬ 
ed. 

The  filament  is  made  of  ultrafine  d-SiC  with  excess 
carbon  and  is  available  commercially.7  The  filament 
diameter  is  nominally  15  gm,  and  the  thermal  conduc¬ 
tivity  is  10  kcal/m  h-1  °C_1  along  the  filament  txis  at 
room  temperature.  Because  of  its  small  size  the  fila¬ 
ment  can  respond  almost  instantaneously  to  tempera¬ 
ture  changes  in  its  surroundings.  The  response  under 
ambient  conditions  was  measured  to  be  ~750  Hz  ( 1/e). 
This  was  determined  by  heating  the  filament  with  a 
chopped  CO2  laser  beam  and  monitoring  the  heat-up 
and  cool-down  cycles  of  the  filament.  The  thermal 
conductivity  of  the  filament  is  ~40  times  lower  than 
that  of  a  platinum-platinum-rhodium  wire,  which 
drastically  reduces  the  spread  in  the  temperature  pro¬ 


file  along  the  filament,  resulting  in  high  spatial  resolu¬ 
tion.  Because  the  emissivity  of  the  filament  is  large 
(0.88)  (Ref.  8)  and  is  a  weak  function  of  temperature 
and  wavelength,  the  emittance  can  be  directly  related 
to  the  flame  temperature. 

Quantitative  measurements  with  the  filament  re¬ 
quire  that  its  temperature  response  be  calibrated  or 
adequately  predicted  in  order  to  establish  a  distinct 
relationship  between  filament-emission  intensity  and 
temperature.  The  equation  describing  the  graybody 
emission  from  such  a  filament  is  well  established. 
The  Planck  equation  that  describes  the  radiance  for  a 
graybody  is 


L(Ao) 


<(X0.  T)C,  _ 

X5[exp(C2/A071  -  1] 


(W/m  sr), 


(1) 


where  e( A0.  T)  is  the  emissivity  of  the  filament,  Ci  is 
the  first  radiation  constant,  C2  is  the  second  radiation 
constant,  Ao  is  the  wavelength  in  vacuum,  and  is  T  the 
filament  temperature.  If  Eq.  (1)  is  to  be  used  for 
quantitative  measurement  of  the  temperature  of  the 
filament,  the  emissivity  of  the  filament  must  be  known 
as  a  function  of  temperature,  angle,  and  wavelength. 
The  emissivity  of  SiC  is  reported  in  Ref.  8  to  be  a  weak 
function  of  temperature,  wavelength,  and  angle.  To 
verify  that  this  is  indeed  the  case  for  the  SiC  filaments, 
the  relative  emissivity  as  a  function  of  temperature 
was  measured  by  a  reflectance  technique.  The  reflec¬ 
tance  of  the  filament  can  be  related  to  its  emissivity  by 
Kirchhoff  s  relationship 

t{«,  <t>)  =  1  -  Ph(e,  <t>),  (2) 


where  p/,(0,  <t>)  is  the  hemispherical  reflectance,  which 
is  the  sum  over  all  angles  of  the  bidirectional  reflec¬ 
tance-distribution  function  (BRDF).  In  order  for  Eq. 
(2)  to  hold,  the  reflectance  from  the  surface  at  all 
angles  must  be  measured  or  the  surface  must  be  uni¬ 
formly  illuminated  with  light  from  all  directions  and 
the  reflectance  measured  a(  a  fixed  angle. 

Of  actual  importance  in  the  implementation  of  the 
TFP  technique  is  the  relative  change  in  the  emissivity 
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Fig.  1.  Calculated  emission  curve  of  SiC  filaments  as  fi.  :c- 
tion  of  temperature  when  InGaAs  is  used  as  the  detector. 

with  T  rather  than  the  absolute  value  of  the  emissivity, 
since  the  filament  can  always  be  introduced  into  a 
flame  of  a  known  temperature  for  calibration.  The 
relative  change  in  the  emissivity  can  be  measured  by 
monitoring  a  single  near-normal  angle,  assuming  that 
the  BRDF  is  not  a  function  of  temperature.  In  this 
case,  the  emissivity  was  determined  to  be  a  constant 
and  did  not  vary  within  the  precision  of  the  reflectance 
experiment,  which  was  of  the  order  of  1.0%.  In  order 
to  monitor  whether  the  BRDF  was,  in  fact,  a  function 
of  temperature,  measurements  at  normal  and  at  ±45 
deg  were  made.  No  change  in  the  reflectance  with 
temperature  was  observed.  Because  the  emissivity 
does  not  vary  with  temperature,  the  graybody  equa¬ 
tions  adequately  describe  the  filament-emission  in¬ 
tensity.  In  practice,  however,  a  detector  of  limited 
spectral  bandwidth  (0.8-1. 8  pm)  is  used  to  detect  the 
emission;  thus  the  graybody  emission  must  be  multi¬ 
plied  by  the  detector  response  to  predict  the  filament 
response.  The  detected  emission  is  described  by 

D,(T)  =  ke  f"  L(\,  T)R(\)Tr(\) dX,  (3) 

Jo 

where  L(X,  T)  is  the  graybody  function,  fl(X)  is  the 
response  function  of  the  InGaAs  photodiode,  Tr(X)  is 
the  transmission  characteristics  of  the  optics  em¬ 
ployed  in  *he  experiment,  and  ke  is  an  experimental 
constant  that  takes  into  account  the  collection  effi¬ 
ciency  of  the  optical  system.  As  we  stated  above,  the 
system  is  calibrated  by  placing  the  filament  within  a 
flame  of  known  temperature  (either  a  hydrogen-air 
diffusion  flame  or  a  propane-air  premixed  flame;. 
The  signal  from  this  flame  is  then  used  to  normalize 
the  results  from  an  unknown  flow  field.  The  resulting 
calibration  curve  is  shown  in  Fig.  1.  As  can  be  seen 
from  the  figure,  the  detected  emission  varies  greatly 
with  temperature.  Because  of  this  variance  along 
with  the  limited  dynamic  range  of  the  digitization 
system  (255  to  1),  the  temperature  uncertainty  can  be 
large  (especially  at  low  temperatures).  Assuming  a 
1%  uncertainty  in  the  intensity  measurement,  the 
temperature  uncertainty  at  1100  K  is  ~80  K  and  at 
2300  K  is  ~8  K. 


The  temperature  of  the  filament  may  be  different 
from  that  of  the  surrounding  gas  because  of  radiation 
losses.  Thus  a  detailed  heat-balance  analysis  must  be 
conducted  for  accurate  prediction  of  the  gas  tempera¬ 
ture.  In  general,  the  relationship  between  the  gas 
temperature  and  the  filament  temperature  is  given  by 

„  ^  <aTt* 

T*  =  Tf  +  -j^~  <4> 

where  Tg  is  the  gas  temperature,  T/  is  the  filament 
temperature,  a  is  the  Stefan-Biltzmann  constant,  and 
hc  is  the  heat-transfer  coefficient.  A  similar  equation 
was  derived  in  Ref.  6.  The  results  of  such  an  analysis 
for  the  flame  conditions  reported  herein  indicate  that 
the  radiation  correction  varies  from  30  K  at  1200  K  to 
200  K  at  2300  K. 

The  optical  arrangement  employed  for  obtaining 
filament  emission  along  a  line  is  shown  in  Fig.  2.  The 
light  from  the  filament  is  collimated  by  a  lens  (// 5)  and 
directed  onto  a  rotating  mirror,  which  sweeps  the  im¬ 
age  of  the  filament  through  a  focusing  lens  (// 2.5)  and 
across  a  single  InGaAs  diode  detector.  A  LeCroy 
TR8818  transient  recorder  is  used  to  digitize  the  ana¬ 
log  signal  from  the  detector  and  store  it  in  an  MM8103 
ECL  memory  unit  for  subsequent  transmission  to  a 
Modcomp  Classic  minicomputer  for  storage  and  anal¬ 
ysis.  By  sweeping  the  image  across  a  single  detector, 
one  can  record  the  emission  along  the  length  of  the 
wire  as  a  function  of  time.  The  He-Ne  laser  and  the 
P-I-N  photodiode  provide  the  necessary  synchroniza¬ 
tion  signals  for  proper  digitization  of  the  image.  The 
image  was  swept  by  the  detector  at  an  effective  rate  of 
1000  Hz.  The  image  of  a  6-cm  length  along  the  wire  is 
recorded  in  512  discrete  samples  during  a  200-psec 
window  at  the  rate  of  2.56  MHz.  This  translates  into 
an  effective  spatial  resolution  of  120  per  sample 
point.  The  spatial  resolution  obtained  is  a  function  of 
the  magnification  factor  used  in  the  imaging  process 
and,  hence,  can  be  varied  subject  to  the  limitation 
imposed  by  the  decreasing  signal-to-noise  ratio  at 
higher  magnification.  Because  of  the  limited  spectral 
response  of  the  InGaAs  detector  employed  in  these 
studies,  only  temperatures  in  excess  of  1000  K  could  be 
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Fig.  2.  Tftin-filament-pyrometry  optical  layout. 
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this  figure.  Near  the  nozzle  exit,  the  core  of  unburned 
fuel  is  surrounded  by  a  hot  reacting  cone,  which  results 
from  the  combustion  of  the  fuel  and  the  coflowing  air. 
The  reaction  zone  is  well  defined  and  steady  near  the 
nozzle  exit  owing  to  the  molecular-transport  nature  of 
the  mixing  processes  in  this  region.  Because  of  the 
difference  in  the  velocities  of  the  fuel  and  air  jets,  a 
shear  layer  is  formed,  which  tends  to  transport  the  air 
into  the  fuel  jet  and  thus  to  promote  mixing.  The 
reaction  zone  enlarges  as  more  and  more  air  is  mixed 
with  the  fuel  and  undergoes  combustion,  resulting  in  a 
rise  in  the  temperature  with  increasing  elevation  from 
the  nozzle  exit.  The  adiabatic  temperature  of  2320  K 
is  in  good  agreement  with  the  observed  peak  tempera¬ 
ture  of  2315  K.  The  increase  in  temperature,  in  turn, 
promotes  a  density  gradient,  which  results  in  the  for¬ 
mation  of  a  buoyancy-driven  vortex  whose  frequency 
can  be  deduced  from  the  temporal  scans  in  Fig.  3. 
These  buoyancy-driven  vortices  grow  as  they  travel 
downstream  and  eventually  wrap  the  flame  surface 
back  upon  itself.  The  periodicity  of  the  vortices  is 
reproducible  and  was  determined  to  be  ~15.5  Hz. 
These  large-scale  vortices  are  responsible  for  the 
growth  of  the  reaction  zone  and  the  eventual  collapse 
of  the  potential  core  at  downstream  axial  locations. 

In  summary,  thin-filament  pyrometry  offers  the 
unique  capability  to  record  the  temperature  distribu¬ 
tion  of  a  flow  field  as  a  function  of  time  along  a  line. 
The  combination  of  small  size,  high  emissivity,  and 
low  thermal  conductivity  of  the  ceramic  filaments  re¬ 
sults  in  fast  temporal  response  as  well  as  good  tem¬ 
perature  sensitivity  and  spatial  resolution. 

This  research  was  supported  under  U.S.  Air  Force 
contract  F33615-85-C-2562. 
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Fig.  3.  Temperature  profiles  of  nitrogen-diluted  hydrogen- 
diffusion  flame  at  various  axial  locations  (Z).  Each  channel 
in  the  X  axis  corresponds  to  120  pm. 


measured.  However,  with  a  suitable  choice  of  IR  de¬ 
tector  and  optics,  this  lower  temperature  limit  could 
be  extended. 

To  demonstrate  the  capability  of  this  technique  in  a 
dynamic  flame  environment,  a  hydrogen-nitrogen  dif¬ 
fusion  flame  was  profiled.  The  flame  consisted  of  a  1  - 
cm  contoured  jet  surrounded  by  a  coannular  air  jet. 
The  hydrogen  and  nitrogen  were  mixed  in  the  ratio 
0.06  to  1.  The  adiabatic  flame  temperature  for  such  a 
mixture  was  calculated  to  be  ~2320  K.  These  types  of 
flame  are  known  to  exhibit  large-scale  buoyancy-driv¬ 
en  structures  that  fluctuate  in  the  range  10-20  Hz.9 
The  filament  was  placed  on  the  centerline  of  the  diffu¬ 
sion  jet  and  an  axial  profile  of  the  flame  made.  The 
temporal-radial  temperature  profiles  taken  at  various 
axial  locations  are  displayed  in  Fig.  3.  The  evolution 
of  the  large-scale  flame  structures  can  be  studied  from 
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Blackbody  radiation  from  a  thin  filament  of  fi-SiC  can  be  used  to  measure  the  spatial  tem¬ 
perature  distribution  in  a  combusting  flowfield.  The  technique,  Thin-Filament  Pyrometry, 
exhibits  rapid  temporal  responjr  a  . J  excellent  Spauol  resolution  because  ot  die  small  di¬ 
ameter  and  low  thermal  conductivity  of  the  filament.  Factors  which  affect  the  accuracy,  tem¬ 
poral  response,  and  spatial  resolution  of  the  probe  in  a  Hj-Nj  jet  diffusion  flame  are  pre¬ 
sented 


Introduction 


Semiconductor  materials  are  ideal  candidates  for 
spatial  blackbody  temperature  probes.  This  class  of 
materials  has  lower  thermal  conductivity  than  bi¬ 
nary  or  tertiary  metal  alloys  used  in  conventional 
thermocouples,  is  generally  inert  to  oxidizing  at¬ 
mospheres,  and  exhibits  relatively  high  emissivity. 
One  such  material,  fi-SiC,  can  be  obtained 
commercially1  in  the  form  of  a  15- pun-diameter  fil¬ 
ament  whose  thermal  conductivity  (10  keal/m  hr 
°C)  is  40  times  lower  than  that  of  Pt-PtRh  wire. 
Because  of  the  small  size  of  the  filament,  the  ratio 
of  the  circumferential  to  cross-sectional  surface  area 
is  large,  hence,  the  rate  of  heat  transfer  by  con¬ 
vection  and  radiation  is  much  higher  than  the  rate 
of  energy  storage  and  axial-conduction  heat  trans¬ 
fer.  As  a  result,  the  filament  exhibits  excellent  spa¬ 
tial  resolution  and  temporal  response  to  transient 
heat  input 

The  technique,  Thin-Filament  Pyrometry  (TFP), 
is  similar  to  one  reported  by  Ferguson,  et  al.,3  in 
which  the  emission  from  a  silica-coated  platinum, 
platinum- 13%  rhodium  thermocouple  was  moni¬ 
tored  to  determine  flame  temperature.  The  present 
study  differs  from  the  earlier  work  in  that  fi-SiC 
was  used  as  the  emitter  and  that  line  rather  than 
point  temperature  measurements  were  made. 


Theory 

The  Planck  equation  for  graybodies  which  gov¬ 
erns  heat-transfer  processes  occurring  via  radiative 
exchange  of  energy  is  given  by 


IA.T) 


«Cj 

Xs[exp(C2/XT)  -  1] 


(1) 


where  e  is  the  apparent  emissivity  of  the  filament, 
Ci  and  C2  the  first  and  second  radiation  constants, 
respectively,  X.  the  wavelength  in  vacuum,  and  T 
the  absolute  filament  temperature.  Because  it  is  a 
function  of  temperature  and  wavelength,  the  em¬ 
issivity  of  the  filament  must  be  known  or  deter¬ 
mined  experimentp'ly  over  the  entire  wavelength 
range  of  interest.  The  emissivity  of  SiC  as  a  func¬ 
tion  of  temperature  and  wavelength  has  been  mea¬ 
sured  experimentally  by  a  number  of  workers3”9 
and  determined  to  be  a  very  weak  function  of  tem¬ 
perature  and  relatively  constant  for  the  wavelengths 
used  in  the  present  study.  Because  the  filament  is 
a  graybody,  Eq.  (1)  can  be  used  to  describe  its 
emission  as  a  function  of  temperature.  Experimen¬ 
tally,  the  detector  used  to  observe  the  emission  will 
have  a  limited  response  over  a  range  of  wave¬ 
lengths  (900-1600  nm),  and  this  factor  must  be  taken 
into  account.  Equation  (1)  must  then  be  multiplied 
by  the  detector  response  function  and  the  trans¬ 
mission  characteristics  of  the  optics  and  integrated 
over  the  detector-response-wavelength  bandwidth. 
The  detected  power  is  given  by 

Jmk2 

MX,T)R(\)Tr(X)dX  (2) 

where  L(X,T)  is  the  graybody  response  given  by  Eq. 
(1),  R(X)  the  detector-response  function,  T^X)  the 
transmission  characteristics  of  the  optics,  X,  and  X2 
the  tower  and  upper  limits  of  the  detector  re¬ 
sponse,  respectively,  and  krlp  an  experimental  con¬ 
stant  which  takes  into  account  the  efficiency  of  the 
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collection  optics  and  the  gain  of  the  detector  elec¬ 
tronics.  Technically,  the  constant  kexp  is  a  function 
of  the  experimental  system  and  should  be  deter¬ 
mined  for  all  collection  angles  employed.  In  reality, 
the  emission  is  collected  within  ±5  degrees  of  nor¬ 
mal  incidence,  and  the  variation  in  the  efficiency  is 
quite  small.  Equation  (2)  relates  the  detected  emit¬ 
ted  power  to  the  filament  emission,  the  detector- 
response  function,  and  the  transmission  character¬ 
istics.  Thus,  the  emission  from  the  filament  at  a 
known  temperature  can  be  used  to  calculate  the 
relative  emitted  power.  Subsequently,  other  tem¬ 
peratures  can  be  calculated  from  Eq.  (2)  by  nor¬ 
malization  to  the  relative  emitted  power,  therefore, 
the  experimental  constant  need  not  be  determined. 
Because  of  the  nonlinear  nature  of  the  Planck  equa¬ 
tion,  the  observed  filament  emission  is  also  nonlin¬ 
ear.  A  curve  generated  iroin  Eq.  (2)  is  shown  in 
Fig.  1.  At  the  low-temperature  limit  of  the  curve, 
the  slope  is  very  steep,  indicating  that  a  small  change 
in  emittance  corresponds  to  a  very  large  change  in 
temperature.  The  lowest  detectable  signal  corre¬ 
sponds  to  1000  K,  and  the  maximum  temperature 
emission  is  at  2370  K.  Because  of  the  steep  slope 
at  low  temperature,  the  measurement  precision  is 
80  K.  In  contrast,  at  the  high-temperature  limit, 
the  change  in  temperature  with  intensity  is  small 
while  the  intensity  itself  is  large;  thus,  the  mea¬ 
surement  precision  is  improved  to  8  K.  The  noise 
in  the  experimental  system  was  determined  to  be 
1%  of  full  scale. 


Experimental 

To  verify  the  feasibility  of  the  technique,  a  H2- 
N2  jet  diffusion  flame  was  chosen  for  study.10  This 
flame  is  ideally  suited  for  study  by  the  TFP  tech¬ 
nique  due  to  the  presence  of  large-scale  buoyancy- 
driven  structures  (bulges)  at  relatively  low  Reynolds 
numbers.11  Temperature  measurements  in  these 
flames  have  been  made  traditionally  by  means  of 
thermocouples  and  the  CARS  technique.12  In  both 


Fic.  I.  Plot  of  Filament  Temperature  as  Func¬ 
tion  of  Intensity. 


Fic.  2.  Schematic  Diagram  of  Experimental  Ar¬ 
rangement  for  TFP  Technique. 


cases  it  is  difficult  to  interpret  the  single  point  mea¬ 
surements  due  to  the  dynamic  nature  of  these 
flames.  A  wealth  of  information  can  be  obtained  by 
the  TFP  technique  due  to  its  high-frequency  re¬ 
sponse  and  good  spatial  resolution. 

A  schematic  diagram  of  the  experimental  ar¬ 
rangement  is  shown  in  Fig.  2.  The  filament  was 
stretched  across  the  flame  at  the  center  of  a  10-mm 
nozzle  by  a  holder  which  supplied  sufficient  tension 
to  prevent  movement  of  the  filament.  The  holder 
is  made  of  two  thin  strips  of  flexible  steel  to  which 
the  filament  is  attached  by  means  of  tape.  The 
emission  from  the  filament  was  collimated  by  an  // 
5  lens.  A  rotating  multi-faceted  mirror  swept  the 
collimated  light  from  the  filament,  and  an  // 2.5  lens 
formed  an  image  of  the  filament  at  the  detector 
plane.  The  InCaAs  detector  has  an  active  element 
80  p.m  in  diameter  whose  spectral  bandwidth  cov¬ 
ers  the  region  from  900  to  1600  nm.  The  mirror- 
detector  combination  converts  a  spatial  scan  into  a 
temporal  one.  To  synchronize  the  scanning  and 
digitization  of  the  detector  signal,  the  output  of  a 
HeNe  laser  is  reflected  off  the  mirrors  and  col¬ 
lected  by  a  PIN  photodiode  to  produce  a  pulse  which 
is  used  to  activate  the  digitizer.  The  synchroniza¬ 
tion  pulse  from  the  PIN  photodiode  is  delayed  as 
needed  and  used  to  open  a  200- ps  gate  centered 
on  the  sweep  of  the  filament  image.  The  gate  is 
used  in  conjunction  with  a  pulse  generator  to  send 
512  pulses  to  the  LeCrov  diptizer.  The  output  from 
the  InCaAs  detector  is  amplified  and  fed  into  a 
LeCroy  TR8818  Transient  Recorder.  The  diptized 
data  are  stored  in  a  bank  of  LeCroy  MM8103  ECL 
Memory  Units.  The  digitization  sequence  continues 
until  the  memory  is  filled.  The  data  are  then  trans¬ 
ferred  through  a  custom-built  interface  to  a 
ModComp  7870  Classic  Mini-computer  for  analysis. 
The  digitization  rate  and  gate-pulse  width  (200  p.s) 
are  set  for  a  1000-Hz  sweep  rate  of  the  filament 
;:...'?e.  A  ft-cm  length  cf  filament  is  recorded  in  512 
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discrete  samples  which  produces  an  equivalent  spa¬ 
tial  resolution  of  120  pm  per  sample  point.  The 
spatial  resolution  is  a  function  of  the  magnification 
factor  used  in  the  imaging  process,  the  period  and 
number  of  digitization  pulses,  and  the  rotational 
speed  of  the  scanning  mirrors  and,  hence,  can  be 
varied  subject  to  the  constraint  of  decreasing  signal- 
to-noise  ratio  at  higher  magnification.  Because  of 
the  limited  response  of  the  InGaAs  detector  em¬ 
ployed  in  the  study,  only  temperatures  in  excess  of 
1000  K  can  be  measured.  However,  with  a  suitable 
choice  of  IR  detector  and  optics,  this  lower  tem¬ 
perature  limit  can  be  extended,  In  the  H2-N2  flame 
studied,  the  longevity  of  the  filament  varied  from 
15  to  30  min.  which  permits  a  complete  traverse  of 
the  flame  to  be  made  with  one  filament. 


Thermal  Behavior  of  the  Filament 


Connective  and  Radiative  Energy  Balance: 

The  ability  of  the  filament  to  measure  flame  tem¬ 
perature  depends  upon  the  rate  at  which  heat  can 
be  transferred  from  the  hot  combustion  gas  to  the 
filament.  For  the  case  of  a  small  filament  in  a  cross- 
flow,  the  rate  of  heat  transfer  by  axial  thermal  con¬ 
duction  is  negligible  compared  with  that  by  con¬ 
vection  and  radiation.15  Assuming  steady-state 
conditions,  the  energy  balance  for  the  filament  can 
be  written  as 


hP(Tg  -  lf)  =  crePT? 

utTf 


T«  =  T >+■ 


(3) 

(4) 


where  h  is  the  heat-transfer  coefficient,  P  the  cir¬ 
cumferential  surface  area,  and  it  the  Stefan-Boltz- 
mann  constant.  When  Eq.  (3)  is  rearranged  into  the 
form  of  Eq.  (4),  it  is  obvious  that  the  last  term  on 
the  right-hand  side  represents  the  difference  be¬ 
tween  the  gas  and  the  filament  temperature.  This 
is  a  systematic  error  resulting  from  the  temperature 
difference  required  to  transfer  energy  to  the  fila¬ 
ment  by  convection. 

In  order  to  determine  the  correction  to  tire  fil¬ 
ament  temperature,  the  heat-transfer  coefficient  must 
be  found  This  coefficient  is  a  phenomenologically 
determined  parameter  which  relates  the  following 
variables  in  a  heat-transfer  process:  the  fluid  prop¬ 
erties,  tl;e  d:am»ter  of  the  cylinder,  and  the  veloc¬ 
ity  of  the  fluid.  It  can  be  obtained  from  the  follow¬ 
ing  equations. 


v 


Nu  =  —  -  r/Rei"  IR) 

k 

h  =  c(Re)n  \  (7) 

d 


where  Nu  is  the  Nusselt  number,  Re  the  Reynolds 
number,  k  the  thermal  conductivity  of  the  fluid,  U 
the  average  velocity  of  the  fluid,  v  the  kinematic 
viscosity,  and  d  the  diameter  of  the  cylinder.  For 
the  range  of  experimental  conditions  in  the  present 
study,  the  values  of  the  parameters  c  and  n  are  0.800 
and  0.280,  respectively.  3  The  fluid  properties  must 
be  determined  at  the  film  temperature  (average  of 
filament  and  gas  temperatures).  Since  the  gas  tem¬ 
perature  is  not  known  a  priori,  the  temperature- 
correction  procedure  must  be  iterative  in  nature. 

The  algorithm  used  to  correct  for  the  radiative 
heat  loss  is  discussed  below.  The  filament  temper¬ 
ature  calculated  via  Eq.  (2)  is  assumed  to  be  the 
gas  temperature.  The  mole  fractions  of  the  fuel,  ox¬ 
idant,  and  products  are  then  calculated  via  an  adi¬ 
abatic-equilibrium  program  corresponding  to  this 
temperature.  The  mole  fraction-weighted  average 
transport  properties  are  then  calculated  and  used  to 
obtain  the  Reynolds  number  and  the  Nusselt  num¬ 
ber  according  to  the  relationship  in  Eqs.  (5)  and 
(6),  respectively.  Since  the  quantity  sought  is  the 
average  heat-transfer  coefficient,  the  volume  aver¬ 
age  velocity  (the  ratio  of  the  volume  flow  rate  to 
the  cross-sectional  area  of  the  nozzie)  was  used  to 
calculate  the  Reynolds  number.  Provision  could  be 
made  to  use  an  actual  velocity  profile  such  as  that 
obtained  by  LDV  for  this  purpose.  Once  the  Rey¬ 
nolds  number  is  obtained,  the  heat-transfer  coeffi¬ 
cient  h  can  be  calculated  and  used  in  Eq.  (4)  to 
obtain  the  corrected  gas  temperature  Tg.  This  tem¬ 
perature  is  then  used  in  place  of  the  assumed  gas 
temperature  to  obtain  the  true  thermodynamic- 
equilibrium  gas  composition.  The  entire  process  is 
then  repeated  to  obtain  a  more  accurate  corrected 
gas  temperature.  The  correct  gas  temperature  can 
usually  be  obtained  within  two  iterations  of  this 
process. 

The  above  temperature-correction  procedure  was 
applied  to  the  H2-N2  jet-diffusion-flame  data  ob¬ 
tained  with  the  experimental  arrangement  dis¬ 
cussed  above.  A  plot  of  Ty  as  a  function  of  AT  is 
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FlC.  3.  Plot  of  Temperature  Difference  Due  to 
Radiation  as  Funciton  of  Filament  Temperature  + 
—  Fuel-Lean  Case,  □  —  Fuel-Rich  Case. 
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shown  in  Fig.  3.  Note  that  two  values  are  possible 
for  each  Tf.  At  equilibrium  the  gas  composition  is 
a  function  of  both  space  and  temperature.  Inside 
the  reaction  zone,  an  abundance  of  fuel  will  be 
present  but  relatively  little  oxidant  because  most  of 
the  oxidant  will  have  been  consumed  during  the 
transportation  across  the  reaction  zone.  Conversely  , 
on  the  ann"!ar-aii'  side  of  the  reaction  zone,  rela¬ 
tively  little  fuel  will  remain  after  combustion  at  the 
flame  surface.  Because  the  thermal  properties  of 
hydrogen  differ  greatly  from  those  of  air,  the  local 
composition  of  the  gases  must  be  taken  into  ac¬ 
count  when  determining  the  heat-transfer  proper¬ 
ties  of  the  filament 

Figure  4  shows  the  corrected  temperature  pro¬ 
files  at  a  few  axial  locations  above  the  nozzle  which 
were  collected  using  the  experimental  arrangement 
described  above.  Note  the  spatial  and  temporal  de¬ 
velopment  of  low-firequency  oscillations  in  the  tem¬ 
perature  field. 

Transient  Response . 

The  temporal  response  of  the  filament  to  a  rapid 
change  in  temperature  is  obtained  by  solving  the 
energy  equation  as  a  function  of  time.  This  can  be 
expressed  as  the  rate  of  change  in  the  internal  en¬ 
ergy  of  the  filament  (which  is  initially  at  a  temper¬ 
ature  T/)  as  it  cools  down  by  convection,  conduc¬ 
tion,  and  radiation  to  the  surrounding  gas  temper¬ 
ature,  Tx: 

dTr  A  cPTf 

Pcpv~~  =  h?(Tf  -  TJ  +  rrePTy  +  kA  (8) 

where  C„,  k,  V,  and  p  are  the  heat  capacity,  ther¬ 
mal  conductivity,  volume,  and  density  of  the  fila¬ 
ment,  respectively,  A  the  cross-sectional  surface  area, 
and  t  time.  It  can  be  shown  that  the  contribution 
from  conduction  heat  transfer  is  negligible  as  com¬ 
pared  to  that  from  the  other  mechanisms.  Equation 
(8)  should  be  integrated  numerically  since  h  is  not 
a  constant  but  changes  with  temperature.  The  rel¬ 
ative  importance  of  each  mechanism  in  the  various 
temperature  regimes  can  be  appreciated  by  inspec¬ 
tion  of  Table  I.  The  heat-transfer  coefficients  used 


TABLE  I 

Relative  Contribution  from  Heat-Transfer 
Mechanisms 


T 

(K) 

h(T,  -  Tf) 
(cal/ sec  cm) 

<TtV, 

(cal/sec  cm) 

crtTj 

her,  -  Tf) 

1000 

46.9 

12 

0.025 

1400 

81.0 

4.6 

0.056 

1800 

118.9 

12.5 

0.105 

2000 

142.6 

19,1 

0.134 

are  those  from  the  inside  flame  surface  and  rep¬ 
resent  the  worst-case  situation  for  the  present  study. 
The  data  used  here  were  obtained  from  Ref.  14.  As 
can  be  seen  from  the  table,  the  relative  importance 
of  radiative  heat  transfer  increases  with  the  abso¬ 
lute  temperature  of  the  filament.  Neglecting  the 
contribution  from  the  radiative  heat-transfer  pro¬ 
cess  and  taking  into  account  the  initial  condition  T(0) 
=  T„,  the  time  constant  of  the  filament  due  to  con¬ 
vection  is  as  follows: 


T 


pC  d 
4  h 


(9) 


or 


1.8  x  10  3  <  t  <  4.95  x  10  *  sec 

for  the  lower  and  upper  bounds  of  temperature  as 
shown  in  Table  1. 

To  confirm  the  calculation  of  the  temporal  re¬ 
sponse  of  the  filament,  the  response  was  measured 
experimentally  using  a  C02  laser  to  heat  the  fila¬ 
ment  for  a  short  period  of  time.  The  emission  of 
the  filament  was  then  monitored  with  an  InGaAs 
detector  as  a  function  of  time.  One  heat-up  and  cool¬ 
down  cycle  is  shown  in  Fig.  5.  The  experiment  was 
performed  in  ambient  air  and.  therefore,  represents 
a  lower  limit  to  the  filament  response  time.  The  1/ 
e  value  taken  from  this  curve  corresponds  to  1.5 
ms,  in  good  agreement  with  the  previous  calcula¬ 
tion.  The  typical  filament  response  is  700  Hz.  Hei- 
ter,  et  al.,lB  also  obtained  results  which  indicate 
similar  dependence  of  the  time  constant  upon  the 
velocity  and  the  properties  of  the  gas. 


Thermal  Spatial  Resolution. 

One  of  the  major  advantages  of  the  TFP  tech¬ 
nique  is  the  ability  to  measure  temperature  distri- 


Fic  5.  Experimental  Heat-Up  and  Cool-Down 
Cycle. 
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bution  along  the  length  of  the  filament.  For  each 
differential  element  of  the  filament  to  respond  to 
the  local  gas  temperature,  the  axial  thermal  diffu¬ 
sion  must  be  small.  To  evaluate  the  magnitude  of 
the  thermal  diffusion,  an  axial  energy  balance  is 
performed.  The  analysis  is  based  on  the  assumption 
that  radiative  heat  transfer  does  not  contribute  sig¬ 
nificantly  to  the  overall  process.  This  assumption  is 
made  to  simplify  the  mathematics  involved  but  will 
not  invalidate  the  result  in  view  of  the  relative  im¬ 
portance  of  each  heat-transfer  mechanism  pre¬ 
sented  in  Table  1.  The  effect  of  not  including  the 
radiation  term  will  be  an  overestimate  to  the  dif¬ 
fusion  length  by  an  average  of  5  to  15%.  The  an¬ 
alytical  solution17  obtained  with  the  boundary  con¬ 
ditions  T  =  T„  at  r  =  0  and  dT/dx  =  0  at  x  =  ( 
is  shown  below: 


<£J 

Tx 


j  =  m2(T  -  T  J 


(10) 


cosh  m<(  -  x ) 

AT  = - p - AT, 

cosh  mt 


(11) 


sectional  area,  the  hot  zone  is  restricted  to  a  small 
region  adjacent  to  the  hot  surface.  Therefore,  very 
little  degradation  of  the  temperature  profiles  occurs 
along  the  filament  axis. 


Conclusion 

The  TFP  technique  has  been  demonstrated  to  be 
capable  of  measuring  temporal-spatial  temperature 
distribution  in  a  nonsooting  flame.  It  is  character¬ 
ized  by  its  high  spatial  resolution,  fast  temporal  re¬ 
sponse,  and  ability  to  measure  the  temperature  dis¬ 
tribution  along  a  line  rather  than  at  a  point.  An 
examination  of  the  thermal  properties  of  the  SiC 
filament  indicates  that  axial  thermal  diffusion  is  very 
small  but  that  a  radiation  correction  must  be  made 
to  arrive  at  the  correct  flame  temperature.  An  al¬ 
gorithm  presented  for  calculating  the  correction  fac¬ 
tor  was  shown  to  be  dependent  upon  the  gas  ve¬ 
locity  and  properties. 

Acknowledgment 


where 

/  4h 

fn  —  \  i  — 

V  kd 

Using  Eq.  (10)  and  the  assumption  that  the  tem¬ 
perature  on  one  end  of  the  filament  is  held  at  2370 
K  while  the  other  end  is  at  300  K,  the  temperature 
profile  along  the  filament  can  be  generated  and  is 
plotted  in  Fig.  6.  The  distance  over  which  axial 
thermal  diffusion  causes  the  temperature  to  decay 
from  2370  to  300  K  is  ~120  p.m.  Because  of  the 
low  thermal  conductivity  and  the  relatively  large 
circumferential  surface  area  as  compared  to  the  cross - 


Fic.  6  Theoretical  Axial-Temperature  Profile  Due 
to  Thermal  Diffusion 
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COMMENTS 


H.  C.  Semerjian.  National  Bureau  of  Standards, 
USA.  Is  the  dominant  loss  mechanism  from  the  wire 
the  radiation  process?  If  so,  how  does  this  effect 
your  evaluation  of  the  response  time?  Isn't  that  a 
temperature  dependent  quantity,  and  is  it  evalu¬ 
ated  at  temperatures  representative  of  combustion 
conditions? 

Author's  Reply.  The  response  of  the  filament  is 
dominated  by  the  convective  heat  transfer  between 
the  surrounding  gases  and  the  filament  surface.  Ra¬ 
diation  from  the  filament  represents  a  loss  term 
which  prevents  the  filament  from  achieving  the  gas 
temperature.  Because  convective  heat  transfer  is  the 
dominant  term,  except  under  very  low  flow  con¬ 
ditions,  the  response  time  of  the  filament  is  pri¬ 
marily  determined  by  convection — not  radiation 
Only  under  extremely  low  flow  conditions  and  at 
high  temperatures  does  radiation  become  the  major 
heat-transfer  term.  However,  because  the  convec¬ 
tive  heat-transfer  coefficient  is  a  function  of  the 
Reynolds  number  of  the  flow,  the  response  must 
be  evaluated  for  each  flow  condition. 

• 

P.  E.  Sojka,  Purdue  Univ.,  USA.  You  state  that 
the  only  disadvantage  of  your  technique  is  that  it 
cannot  be  used  in  sooty  flames.  However,  it  does 
not  seem  to  be  applicable  to  systems  including  ha- 
logenated  compounds  since  they  would  form  com¬ 
pounds  which  would  attack  the  surface  of  the  fila¬ 
ment.  Would  you  please  comment. 

Author's  Reply.  Any  environment  which  is  com¬ 


prised  of  compounds  which  would  attack  the  sur¬ 
face  of  the  filament  would  greatly  reduce  the  lon¬ 
gevity  of  the  filament  and  complicate  the 
interpretation  of  the  surface  emission  since  both  the 
emissivity  and  the  filament  diameter  could  be  af¬ 
fected. 

• 

R.  Matthews,  Univ  of  Texas,  USA  What  is  the 
maximum  temperature  that  can  be  measured  with 
this  technique? 

Author's  Reply.  The  maximum  temperature  mea¬ 
surable  by  the  filament  is  ideally  the  melting  tem¬ 
perature  which  is  —2673  K.  However,  it  is  unlikely 
that  the  filament  would  survive  such  a  high  tem¬ 
perature  because  of  the  decrease  in  tensile  strength 
with  increasing  temperature.  In  a  static  oven,  the 
upper  temperature  limit  might  be  achieved;  but 
under  all  but  the  lowest  flow  conditions,  the  fila¬ 
ment  would  likely  break  before  reaching  this  tem¬ 
perature. 

• 

M.  Lapp,  Sandia  National  Laboratories .  USA  Are 
there  any  significant  catalytic  effects  at  the  surface 
of  your  emitting  probe  that  would  cause  it  to  in¬ 
dicate  a  temperature  different  from  the  surrounding 
gas  phase? 

Author's  Reply  To  the  authors’  knowledge,  no 
significant  catalytic  effects  have  been  reported  in 
the  literature 
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Thin-Filament  Pyrometry:  A  Novel 
L  p  goss  Thermometric  Technique  for 

V.  Vilimpoc  I  Combusting  Flows 


B.  Sarka 


W.  F.  Lynn 

Systems  Research  Laboratories, 
A  Division  of  Arvm/Calspan, 
Dayton,  OH  45440-3696 


A  novel  technique  is  described  for  making  temperature  measurements  in  a  com¬ 
busting  flow.  The  technique,  Thin-Filament  Pyrometry,  is  based  on  the  black  body 
emission  of  a  small  ceramic  filament  (15  p.mj,  which  is  introduced  into  the  flow 
field  under  study.  Because  the  emission  along  the  entire  length  of  the  filament  is 
recorded,  the  complete  spatial  temperature  distribution  is  measured.  The  temporal 
response  of  the  filament  is  -  700  Hz  under  ambient  conditions.  To  demonstrate  the 
capabilities  of  the  technique  in  a  combusting  flow,  a  HrN,jet  diffusion  flame  was 
studied.  The  evolution  of  the  large-scale  buoyancy-driven  structures  at  low  Reynolds 
numbers  was  followed  by  this  technique. 


Introduction 

Over  the  past  decade,  significant  effort  has  been  expended 
to  develop  nonintrusive  laser-based  diagnostic  techniques  ca¬ 
pable  of  measuring  velocity,  temperature,  and  species  concen¬ 
tration  in  combusting  environments.  This  effort  has  culminated 
in  the  development  of  techniques  such  as  Laser-Doppler  Ve- 
locimetry  (LDV),  Laser-Induced  Fluorescence  (LIF),  Spon¬ 
taneous  Raman  Scattering  (SRS),  and  the  nonlinear  Raman 
scattering  techniques,  i.e..  Coherent  Anti-Stokes  Raman  Spec¬ 
troscopy  (CARS)  (1],  These  methods  have  been  most  success¬ 
fully  applied  to  point  measurements  in  flames.  Recently,  the 
LIF  techniques  have  been  extended  to  two-dimensional  meas¬ 
urements  [11.  All  of  these  techniques  suffer  from  the  com¬ 
plexity  of  the  optical  and  laser  systems  and  the  sheer  cost  of 
building,  operating,  and  n  untaining  them.  The  simplicity  and 
low  cost  of  probe  techniques  such  as  thermocouples  and  gas¬ 
sampling  probes  have  fostered  their  continued  use.  Probes, 
however,  are  known  to  perturb  the  flow  fields  in  which  they 
are  placed,  often  resulting  in  anomalous  observations.  This 
problem  furnished  the  initial  driving  force  for  the  development 
of  laser-based  techniques.  The  ideal  technique  would  actually 
combine  the  advantages  of  both  types  of  techniques  and  be 
relatively  simple,  easy  to  implement,  inexpensive,  and  non- 
perturbing.  This  paper  describes  a  technique  that  offers  a  ma¬ 
jority  of  these  desirable  qualities:  Thin-Filament  Pyrometry 
(TFP). 

TFP  combines  the  advantages  cf  low  cost,  ease  of  imple¬ 
mentation,  and  nonperturbing  qualities  to  the  measurement 
of  temperature  in  a  combusting  environment.  The  technique 
has  the  added  advantage  that  the  temperature  is  measured 
along  a  line  rather  than  at  a  single  point,  as  is  the  case  with 
most  probe  techniques.  The  TFP  technique  relies  upon  the 


Contributed  by  the  International  Gas  Turbine  Institute  and  presented  at  the 
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blackbody  emission  of  a  thin  ceramic  filament  (SiC)  in  the 
wavelength  range  0.8  to  1.8  #tm  for  measurement  of  the  tem¬ 
perature  distribution  in  a  combusting  flow  field.  The  emission 
is  recorded  spatially  along  the  length  of  the  filament,  allowing 
the  radial  temperature  distribution  to  be  evaluated.  The  fila¬ 
ment  is  made  of  ultrafine  0-SiC  with  excess  carbon  and  is 
available  commercially  [2).  The  filament  diameter  ranges  from 
10  to  20  pm  (nominally,  15  pm),  and  the  thermal  conductivity 
is  relatively  low:  -  10  kcal/m  h’C  along  the  filament  axis  at 
room  temperature.  The  thermal  conductivity  of  the  filament 
is  —  40  times  lower  than  that  of  Pt-PtRh  wire,  which  drastically 
reduces  the  spread  in  the  temperature  profile  along  the  fila¬ 
ment.  Because  of  its  small  size,  the  filament  can  respond  quickly 
to  temperature  changes  in  its  surroundings.  The  high  emissivity 
that  is  constant  over  the  temperature  range  of  interest  allows 
the  quantitative  conversion  of  filament  intensity  to  gas  tem¬ 
perature. 

The  TFP  technique  is  similar  to  a  method  reported  by  Fer¬ 
guson  et  al.  [3],  in  which  the  emission  from  a  silica-coated 
platinum:platinum-13  percent  rhodium  thermocouple  was 
monitored  to  determine  flame  temperature.  The  major  dif¬ 
ferences  between  the  earlier  study  and  the  present  one  are  the 
use  of  a  (?-SiC  filament  for  emission  and  the  fact  that  line 
rather  than  point  measurements  were  made. 

Confirmation  of  the  above  attributes  along  with  a  demon¬ 
stration  of  the  application  of  the  technique  to  a  H2-N2  diffusion 
flame  will  be  discussed  in  this  paper.  Also  included  will  be  a 
detailed  analysis  of  the  thermal  properties  of  the  filament  in 
a  flame  environment.  This  probe  should  become  an  important 
tool  in  the  study  of  turbulent  flame  systems. 

Theory 

In  order  to  relate  the  emission  of  the  SiC  filament  to  the 
temperature  of  the  gas,  the  response  of  the  filament  to  a  tem¬ 
perature  change  must  be  calibrated  or  adequately  predicted. 
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Fig.  1  Experimental  arrangement  for  measuring  relative  emlsslvlty  of 
SIC  filaments  by  reflectance 


The  d-SiC  is  reported  in  the  literature  to  be  a  graybo  Jy  and 
has  a  relatively  high  emissivity  (0.88)  [4].  The  filament  behavior 
is,  thus,  adequately  described  by  the  Planck  blackbody  equa¬ 
tion  given  by 


UK  T)  = 


<(X,  T)C\ 

X5(exp(C2/XD-  1] 


(W/mj 


where  ( is  the  apparent  emissivity  of  the  filament,  Ci  the  first 
radiation  constant,  C2  the  second  radiation  constant.  X  the 
wavelength  in  a  vacuum,  and  T  the  filament  temperature.  If 
equation  (I)  is  to  be  used  for  the  quantitative  measurement  of 
the  temperature  of  the  filament,  the  emissivity  of  the  filament 
must  be  evaluated  over  the  entire  wavelength  and  temperature 
range  of  interest.  Because  it  is  a  graybody,  the  emissivity  does 
not  vary  with  wavelength.  The  temperature  effect  on  the  em¬ 
issivity,  however,  must  be  evaluated  experimentally.  The  con¬ 
ventional  approach  to  calibrating  the  emissivity  of  a  material 
is  to  heat  the  material  to  a  known  temperature,  measure  its 
emittance,  and  compare  the  emittance  to  that  of  a  blackbody 
at  the  same  temperature.  Due  to  the  small  size  of  the  filament, 
this  approach  is  quite  difficult.  Therefore,  the  reflectance  of 
the  filament  was  measured  instead.  The  relationship  between 
the  reflectance  and  the  emissivity  of  a  material  is  given  by 
Kirchoff  as 


<(0,  0)  =  1  -  jip(0,  <t> ,  0',  <t>')d6‘d<y 
=  1  -p»(0,  <t>) 


(2) 


where  e(0,  0)  is  the  directional  emissivity,  p(0,  0,  0',  <t>')  the 
oidirectional  reflectance  distribution  function  (BRDF),  and 
p*(0,  0)  the  directional  hemispherical  reflectance.  In  general, 
the  required  reflectance  accuracy  for  a  desired  emissivity  ac¬ 
curacy  is  given  by  the  following  relation: 


Apt,  _  <  Ac 

Ph  1  —  «  « 


(3) 


where  the  0,  0  index  has  been  dropped.  For  a  highly  emissive 
sample  such  as  the  SiC  filament,  with  emissivity  of  0.88,  the 
error  in  the  emissivity  measurement  based  on  a  1  percent  error 
in  the  reflectance  is  0.13  percent.  Thus,  reflectance  measure¬ 
ments -if  conducted  properly -can  be  a  very  accurate  indi¬ 
cator  of  the  emissivity  (especially  for  highly  emissive  materials). 
The  concern  with  the  SiC  filament  was  not  in  measuring  the 
absolute  emissivity  at  all  temperatures  but  rather  in  establishing 
whether  the  emissivity  remained  constant,  which  reduced  the 
problem  to  measuring  the  relative  change  in  the  emissivity 
rather  than  the  absolute  value.  This  was  accomplished  with 
the  experimental  arrangement  shown  in  Fig.  1.  The  chopped 
output  from  a  HeNe  laser  was  directed  onto  a  bundle  of  SiC 
filaments,  the  scatter  from  which  was  monitored  by  a  PMT 
and  lock-in  amplifier.  The  filaments  were  then  heated  by  a 


propane  torch  to  a  temperature  of  -  2200  K.  The  reflectance 
.^as  monitored  during  the  heatup  of  the  filament  and  after  it 
reached  its  maximum  temperature.  Several  times  the  reflec¬ 
tance  was  observed  to  remain  constant  throughout  this  process 
to  within  an  experimental  error  of  -  1  percent.  Assuming  that 
the  BRDF  of  the  filament  did  not  vary  with  temperature,  this 
experiment  established  an  upper  bound  of  -0.13  percent  in 
the  variation  of  the  emissivity  of  the  SiC  over  the  300-2200  K 
temperature  .ange.  The  emissivity  is,  thus,  assumed  to  be  con¬ 
stant  for  purposes  of  evaluating  the  fiiament  temperature  from 
the  observed  emission. 

It  should  be  noted  that  equation  (2)  relates  the  emissivity  to 
the  hemispherical  reflectance — not  the  bidirectional  reflec¬ 
tance.  In  the  present  experiments  the  bidirectional  reflectance 
rather  than  the  full  hemispherical  reflectance  is  measured.  It 
is  assumed  that  the  hemispherical  is  proportional  to  the  di¬ 
rectional  reflectance  and,  thus,  that  the  reflectance  distribution 
function  does  not  vary  with  temperature.  Measurements  with 
collection  angles  at  normal  and  ±45  deg  were  examined  to 
verify  that  this  was  the  case. 

Because  the  emissivity  is  constant  with  wavelength  and  tem¬ 
perature,  equation  (1)  can  be  evaluated  for  predicting  the  fil¬ 
ament  emission  characteristics.  Experimentally  the  emission  is 
detected  over  a  limited  spectral  region  with  a  detector  that  has 
a  varying  response  to  the  wavelength  of  the  emission.  Equation 
(1)  must  then  bt  multiplied  by  the  detector  response  and  in¬ 
tegrated  over  this  region.  The  detected  signal  is  given  by 

Dexp  —  ktx  p  jML(X,  T)R(\)Tr(\)  (4) 

where  T(X,  T )  is  the  blackbody  response  given  by  equation 
(1),  /?(X)  the  detector  response,  X,  and  X2  the  limits  of  the 
detector  response,  7"TX)  the  transmission  characteristics  of  the 
optics  employed  in  the  experiment,  and  kcxp  an  experimental 
constant  that  takes  into  account  the  efficiency  of  the  collection 
optics  and  the  gain  of  the  detector  electronics.  The  experi¬ 
mental  constant  k„v  is  removed  by  normalizing  the  observed 
signal  to  the  signal  at  a  known  temperature.  To  evaluate  equa¬ 
tion  (4),  one  must  know  the  detector-response  function  R(\). 
The  response  function  for  the  InGaAs  detector  employed  in 
these  studies  is  shown  in  Fig.  2(a).  By  integrating  the  response 
function  and  the  blackbody  function  over  the  limits  of  the 
detector  bandwidth,  the  emission  from  the  filament  can  be 
determined.  Figure  2(b)  displays  the  relative  intensity  as  a 
function  of  temperature  for  the  experimental  setup.  The  cal¬ 
culated  intensity  has  been  normalized  to  the  emission  corre¬ 
sponding  to  the  maximum  temperature  of  a  H2  diffusion  flame. 
Notice  that  the  data  have  been  plotted  in  this  figure  with 
intensity  as  the  independent  variable  and  temperature  as  the 
dependent  variable.  This  facilitates  the  conversion  of  the  meas¬ 
ured  intensity  to  a  temperature.  The  curve  in  Fig.  2(b)  was 
fitted  by  a  power-series  expansion  of  /  with  temperature  as  the 
dependent  variable.  The  experimentally  measured  intensity 
from  an  unknown  flow  field  is  converted  to  a  temperature  by 
first  normalizing  the  observed  intensity  to  a  flame  of  known 
temperature  such  as  a  stoichiometric  propane-air  flat  flame 
or  pure-hydrogen  diffusion  flame  and  then  employing  the  co¬ 
efficients  of  the  power  series  with  the  normalized  intensity  to 
determine  a  temperaure. 

Because  of  the  nonlinear  nature  of  the  Planck  equation,  the 
observed  filament  emission  is  nonlinear.  At  the  low  temper¬ 
ature  limit  of  the  curve  (Fig.  2(b)],  the  slope  is  very  steep, 
indicating  that  a  small  change  in  the  emittance  corresponds  to 
a  very  large  change  in  the  temperature.  The  experimental  de¬ 
tection  system,  which  will  be  discussed  in  more  detail  in  a  later 
section,  has  a  dynamic  range  of  256  to  1 .  The  lowest  detectable 
signal  is  -  1000  K  with  the  maximum  temperature  set  at  2370 
K.  Because  of  the  steep  slope  at  low  temperature,  the  precision 
of  the  measurement  is  -80  K.  In  contrast,  at  the  high  tem¬ 
perature  limit,  the  change  in  temperature  with  intensity  is  small 
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Fig.  2(a)  Spwctril  rasponts  ot  InGaAs  datactor  (from  "RCA  Technical 
Publication  tor  C30980E  InGaAa  Photodiode") 


RELATIVE  INTEVSITY 

Fig.  2(b)  Relative  filament  emission  aa  a  function  of  temperature 


and  the  intensity  itself  is  large;  thus,  the  measured  precision 
is  improved  to  -  8  K.  The  high-temperature  limit  is  determined 
by  the  survivabilvy  of  the  filament  (-2400  K).  The  noise  in 
the  experimental  system  was  determined  to  be  -  1  percent  of 
full  scale. 

Throughout  the  above  discussion,  it  has  been  assumed  that 
the  filament  temperature  is  the  same  as  that  of  the  surrounding 
gases.  At  high  temperatures  a  correction  to  the  filament  tem¬ 
perature  must  be  made  in  determining  the  gas  temperature. 
The  source  and  magnitude  of  this  correction  are  discussed  in 
the  next  section. 

Thermal  Properties  of  SiC  Filament 

The  discussion  on  the  thermal  properties  of  the  SiC  filament 
s  divided  into  four  parts,  which  treat  convective  heat  transfer 
i'.yer:ies,  transient  heat  response,  axial  thermal  conductivity, 
ami  heat-balance  and  radiation  corrections. 

Convective  Heat  Transfer  Properties.  The  convective  heat 
transfer  coefficients  of  the  SiC  filament  are  determined  from 
its  Nusselt  number.  For  the  case  of  a  small  filament  in  a 
rossflow,  the  Nusselt  number  is  given  by 

hU 

Nu  *  — -  =  c(Re)n  (5) 

k 

where 

vD 

Re  =  —  (6) 

V 

h  is  the  heat  transfer  coefficient,  D  the  filament  diameter,  k 
'heimal  conductivity  of  the  surrounding  gases,  v  the  ve¬ 


locity  of  the  gases,  v  the  kinemafic  viscosity  of  the  gases,  and 
c  and  n  fitted  parameters  based  upon  the  Reynolds  number 


h=  cfRe)"  ~  (7) 

Because  of  the  small  filament  diameter  (15  pm),  the  Reynolds 
number  is  small,  varying  from  0.33  to  1  for  the  experimental 
conditions  reported  in  this  paper.  The  generally  accepted  c  and 
n  quantities  in  this  case  are  0.80  and  0.280,  respectively  (5). 
The  heat  transfer  coefficient  for  a  1-m/s  hydrogen  diffusion 
flame  is  shown  in  Fig.  3,  assuming  H20  and  air  to  be  the 
predominant  constituents.  The  thermal  conductivity  and  kin¬ 
ematic  viscosity  for  the  flame  were  taken  from  [6],  The  heat- 
transfer  coefficients  are  quite  large,  ranging  from  a  low  of 
-  1300  W  m-J  K-*  to  over  4000  W  m  2  K*'.  The  large  co¬ 
efficients  are  primarily  due  to  the  small  diameter  of  the  fila¬ 
ment.  intuitively,  because  of  the  large  h ,  the  response  of  the 
filament  to  a  hear  transient  should  be  quite  fast. 

Transient  Heat  Response.  The  response  of  the  filament  to 
a  transient  heat  pulse  is  determined  in  a  manner  similar  to  that 
in  the  case  of  a  small  thermocouple.  The  net  change  in  the 
internal  energy  of  the  filament  must  be  equal  to  the  net  heat 
flow  from  the  filament  (neglecting  the  radiation-loss  term), 
which  is  written  as 

-  CpjVdT  =  HAS(  T  -  T.)dd  (8) 

where  C  is  the  heat  capacitance  of  the  filament,  p,  the  density 
of  the  filament,  V  the  volume  of  the  filament,  As  the  surface 
area  of  the  filament,  and  dd  the  change  in  time.  Subject  to  the 
initial  condition  7"(0)  =  T0,  equation  (8)  has  the  general  so¬ 
lution 


T  -  T. 
T0  -  T„ 


-  exp 


Cp)V 


(9) 


The  time  constant  of  the  filament  is  given  by 

t  -  *  I  59  x  10" 1  s  (10) 

hA, 


for  a  gas  temperature  of  2370  K  at  a  velocity  of  1  m/s. 

To  confirm  the  calculation  of  the  filament  temporal  re¬ 
sponse,  the  response  was  measured  experimentally  using  a  CO: 
laser  to  heat  the  filament  for  a  short  period  of  time.  The 
emission  of  the  filament  was  monitored  with  an  InGaAs  de¬ 
tector  and  recorded.  A  heat-up  and  cool-down  cycle  is  shown 
in  Fig.  4.  This  cycle  was  recorded  under  ambient  conditions 
and,  thus,  represents  a  lower  limit  to  the  filament  response 
time.  The  1/e  value  taken  from  this  curve  corresponded  to 
-  1.5  ms,  in  good  agreement  with  the  previous  calculation. 
The  filament  response  is  -700  Hz.  As  the  velocity  and  tem- 
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ELEMENT  dx 

Fig.  5(a)  Modal  for  avaluallon  ol  axial  tharmal  conductivity  ol  SIC  III- 
amant 


Fig.  5(6)  Axial  tamparatura  dlatrlbutlon  lor  SIC  lllamant  again*!  2000 
K  aurlaca 


perature  increase,  the  filament  response  should  improve  be¬ 
cause  of  increased  heat  transfer  to  the  surroundings. 


Axial  Thermal  Conductivity.  One  of  the  major  advantages 
of  the  TFP  technique  is  the  ability  to  measure  the  temperature 
distribution  along  the  length  of  the  filament.  For  the  measured 
temperature  distribution  to  correspond  to  the  real  temperature 
distribution  of  the  gas,  the  spatial  flow  of  heat  along  the 
Filament  axis  must  be  small.  The  axial  heat  flow  is  evaluated 
as  shown  in  Fig.  5(a).  Assuming  that  the  filament  is  in  contact 
with  a  flame  surface  at  a  temperature  Ts,  the  rate  of  heat  flow 
by  conduction  into  the  element  x  must  be  equal  to  the  rate  of 
heat  flow  out  of  the  element  x  +  dx  by  conduction,  convection, 
and  radiation.  Neglecting  the  radiation  term,  the  heat-balance 
equation  is  given  by 


,  .  dT  .dT  d 
kA,  —  =  -kA,—  +  — 
dx  dx  dx 


-KA  % 
KA'  dx 


dx 


+  hCr  dx  ( T  T.)  (II) 


where  C,  is  the  circumference  of  the  filament.  Equation  (II) 

reduces  to 


Tf  ;k; 

Fig.  6  Radiation-loss  term  (or  2-m/s  H,  (lama:  T,  =  lllamant  tempera¬ 
ture;  T,  =  gas  tamparatura 


where 


d:T  ,  „ 

—  =  m:(r  -  T.) 


(12) 


(13) 


Equation  (12),  when  subject  to  the  boundary  conditions  T  = 
T0  at  x  =  0  and  dT/dx  -  0  at  x  -  (,  has  the  general  solution 


AT 


cosh  m(l  -  x)  r 
cosh  ml 


(14) 


where  /  is  the  length  of  the  filament,  x  the  distance  from  the 
hot  surface,  AT  =  T  -  T„,  and  AT,  =  T0  -  T..  Assuming 
that  the  initial  temperature  is  2370  K  at  the  hot  flame  surface 
while  the  Filament  temperature  is  300  K  at  its  end,  Fig.  5(b) 
displays  the  temperature  distribution  adjacent  to  the  hot  flame 
surface.  Because  of  the  low  thermal  conductivity  and  the  large 
convective  heat  transfer  at  the  Filament  surface,  the  temper¬ 
ature  distribution  is  restricted  to  a  small  region  near  the  hot 
surface.  This  thermal  conduction  along  the  filament  axis  is, 
thus,  expected  to  have  only  a  small  effect  upon  the  observed 
temperature  distribution. 


Heat  Balance  and  Radiation  Corrections.  As  stated  in  the 
theoretical  section,  the  temperature  of  the  filament  can  be 
different  from  that  of  the  surrounding  gas.  This  difference  can 
be  obtained  from  the  full  heat  balance  of  the  filament.  The 
convective  heat  input  from  the  surrounding  gas  must  equal  the 
radiative  heat  output  due  to  the  filament  emission  and  the 
conductive  heat  output  along  the  filament  axis,  which  is  written 
as 

hA(T,  -  Tf)  =  oe  A  T*  +  kA~  (15) 


Because  the  ratio  of  the  circumferential  to  cross-sectional  sur¬ 
face  area  is  large,  the  axial  heat  transfer  can  be  ignored,  re¬ 
sulting  in 

hA,(Tg  -  Tf)  =  otA,T*  (16) 

Rearranging  and  solving  for  the  gas  temperature  yields 

r«  *  Tf  +  nP-  <17> 


The  second  term  on  the  right-hand  side  of  equation  (17)  is  the 
correction  factor,  which  relates  the  measured  filament  tem¬ 
perature  to  the  surrounding  gas  temperature.  For  the  experi¬ 
mental  conditions  reported  in  this  paper,  the  correction  term 
is  plotted  in  Fig.  6.  As  the  temperature  increases  the.blackbody 
emission  increases  as  T*.  The  convective  heat  transfer  increases 
only  as  T\  thus,  the  correction  term  becomes  large  as  the 
temperature  increases.  At  1000  K,  the  correction  is  small,  -  20 
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Fig.  7(b)  Timing  diagram  ot  synchronizing  and  digitizing  alactronlca 
(or  filament-imaging  ayatam 


K ;  but  at  2370  K  it  is  ~  276  K .  The  correction  term  (or  radiation- 
loss  term)  is  dependent  upon  the  flow  conditions  and  constit¬ 
uents  as  well  as  the  temperature  due  to  the  heat  transfer  co¬ 
efficient  in  the  denominator.  Thus,  the  correction  term  must 
be  evaluated  each  time  the  flow  conditions  or  fuel  types  are 
changed. 


Experimental 

The  experimental  arrangement  for  the  TFP  technique  is  dis¬ 
played  in  Fig.  7.  The  system  can  be  broken  out  into  the  optical 
and  electronic  subsystems,  which  will  be  discussed  separately. 
The  optical  arrangement  is  shown  in  Fig.  7(a).  The  filament 
is  suspended  across  the  flame  by  a  holder,  which  supplies  just 
enough  tension  to  keep  the  filament  from  sagging  but  not  so 
much  as  to  cause  it  to  break  at  higher  temperatures,  where  its 
tensile  strength  is  reduced.  The  filament  emission  is  collimated 
by  lens  fl  (f/5 .  10-cm-dia)  and  directed  toward  a  spinning 
mirror  assembly,  which  consists  of  a  ten-facet  wheel  rotating 
at  speeds  up  to  500  Hz.  Because  each  of  the  ten  facets  of  the 
wheel  acts  as  an  individual  mirror  ( -  2  cm2  area),  the  effective 
scan  speed  of  the  wheel  is  ten  times  its  rotating  speed  (up  to 
5000  Hz).  The  reflected  radiation  from  the  wheel  is  swept 
through  a  focusing  lens  f2  (f/2.5,  10-cm-dia)  onto  a  single 
InGaAs  detector  (80-pm  dia),  which  is  sensitive  to  radiation 
in  the  spectral  bandwidth  shown  in  Fig.  2(a).  As  the  wheel 
rotates,  the  image  of  the  filament  is  swept  past  the  detector. 
The  mirror-detector  combination  thus  acts  to  convert  a  spatial 
scan  into  a  temporal  one.  The  combination  of  high-f-number 
lenses  and  the  small-area  rotating  mirror  increased  the  depth 
of  field  and  field  of  view.  To  ensure  that  the  response  of  the 
optical  system  was  not  angularly  dependent,  the  filament  and 


flame  were  traversed  across  the  optical  axis.  No  variation  in 
signal  was  observed  in  the  field  of  view  of  interest.  The  output 
from  a  HeNe  laser  is  reflected  off  the  rotating  wheel  onto  a 
pin  diode  to  produce  a  pulse  that  can  be  used  to  synchronize 
the  scanning  and  the  digitizing  electronics. 

A  timing  diagram  of  the  digitizing  electronics  is  shown  in 
Fig.  7(b).  The  output  signal  from  the  InGaAs  detector  is  am¬ 
plified  and  fed  into  a  LeCroy  TR8818  Transient  Recorder.  The 
synchronization  pulse  fiom  the  pin  diode  is  delayed  as  needed 
and  used  to  open  a  200-/ts  gate  centered  on  the  sweep  of  the 
filament  image.  The  delay  from  the  synchronizing  pulse  allows 
the  image  signal  to  be  moved  inside  the  gate  for  optimum 
placement.  This  gate  is  used  in  conjunction  with  a  pulse  gen¬ 
erator  to  send  512  pulses  to  the  LeCroy  digitizer.  At  the  leading 
edge  of  each  of  these  pulses,  the  signal  from  the  InGaAs  de¬ 
tector  is  digitized  and  stored  in  the  MM8103  ECL  Memory 
Unit.  The  rate  of  digitization  during  the  200-tts  gate  is  2.56 
MHz.  The  digitization  sequence  continues  with  subsequent 
scans  until  the  memory  is  completely  filled.  The  data  are  then 
transferred  through  a  custom-built  interface  to  a  ModComp 
7870  Classic  Minicomputer  for  analysis.  The  digitization  rate 
and  gate  pulse  width  are  set  for  a  1000-Hz  sweep  rate  of  the 
filament  image.  A  6-cm  length  along  the  filament  is  recorded 
in  the  512  discrete  samples,  translating  into  an  effective  spatial 
resolution  of  120  n m  per  sample  point. 

The  advantages  of  using  a  rotating  mirror  in  association 
with  a  single  detector  rather  than  a  scanning  array  of  detectors 
include  the  increased  flexibility  and  lower  cost  of  the  system. 
Since  a  single  detector  is  employed,  detectors  that  are  not 
presently  available  in  array  form,  i.e.,  the  InGaAs  detector, 
can  be  used.  This  is  also  important  for  future  work  where  the 
temperature  range  will  possibly  be  extended  by  use  of  IR  de¬ 
tectors. 

Analysis  of  the  digitized  data  consists  of  unpacking  the  8- 
bit  data  from  the  LeCroy  into  16-bit  data  for  the  ModComp; 
ratioing  the  measured  intensity  to  a  calibrated  intensity  at  a 
known  temperature;  converting  the  ratioed  intensity  to  tem¬ 
perature  employing  the  fitted,  calculated  curve  shown  in  Fig. 
2(b);  and  correcting  the  filament  temperature  for  radiation 
losses.  The  reduced  data  can  then  be  plotted  either  multidi- 
mensionally  or  as  contours,  as  demonstrated  in  the  Results 
Section.  The  calibrated  intensity  usually  is  determined  by  meas¬ 
uring  a  H2  diffusion  flame  and  noting  the  maximum  intensity 
corresponding  to  a  temperature  of  2382  K. 

The  LeCroy  TR88I8  Transient  Recorder  is  a  high-speed  8- 
bit  system  having  a  dynamic  range  of  256  of  1 .  Experimentally, 
the  filament  emission  from  the  flame  was  surveyed  to  determine 
the  area  of  maximum  temperature.  The  signal  from  this  region 
was  then  adjusted  to  the  maximum  allowed  by  the  digitizer  in 
order  to  take  full  advantage  of  the  limited  dynamic  range.  As 
a  result  of  this  limited  range  and  the  wavelength  response  of 
the  InGaAs  detector,  temperatures  below  1000  K  are  not  de¬ 
tected.  A  wider  temperature  range  is  possible  by  employing 
IR  detectors,  but  care  must  be  taken  to  minimize  the  inter¬ 
ference  from  the  hot  flame  gases  in  the  IR  region. 


Results  and  Discussion 

Recent  studies  on  the  structure  of  jet  diffusion  flames  have 
demonstrated  the  presence  of  large-scale  buoyancy-driven 
structures  (bulges)  at  relatively  low  Reynolds  numbers  [7,  8]. 
These  structures  can  expand  to  several  jet  diameters  in  width 
and  display  an  8-20  Hz  repetition.  Laser-sheet-lighting  visu¬ 
alization  techniques,  in  conjunction  with  high-speed  photog¬ 
raphy,  have  added  greatly  to  the  understanding  of  the  dynamics 
of  these  flames  [8).  Temperature  measurements  in  these  flames 
have  been  made  traditionally  with  thermocouples  and,  more 
recently,  by  means  of  the  CARS  technique  (9).  In  both  cases 
it  is  complicated  to  interpret  point  temperature  measurements 
due  to  the  dynamic  nature  of  these  flames.  A  wealth  of  in- 
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Fig.  •  Imaging  scant  of  SIC  (llamant  In  H,-N,  jat  dilfuslon  llama  at 
axial  location  20  mm  above  nozzla  axit 


Fig.  10  Imaging  scans  of  SIC  tllamant  In  H,-N,  Jat  dlttualon  llama  at 
axial  location  40  mm  abova  nozzla  axil 


formation  concerning  the  temperature  field  dynamics,  how¬ 
ever,  can  be  obtained  using  the  TFP  technique.  Because  the 
temperature  measurement  is  made  along  the  width  of  the  flame 
and  because  the  Filament  response  is  much  higher  than  the 
variation  in  the  flame,  the  temporal  and  spatial  temperature 
field  dynamics  can  be  studied. 

To  demonstrate  this  point,  a  H2-N2  jet  diffusion  flame  was 
chosen  for  study.  This  flame  is  ideal  for  study  by  the  TFP 
technique  due  to  the  dynamics  discussed  above  and  the  lack 
of  sooting,  the  emission  from  which  could  interfere  with  the 
filament  emission.  The  burner  consists  of  a  1-cm  contoured 
jet  surrounded  by  a  coannular  air  jet.  The  contour  of  the  fuel 
jet  was  constructed  in  such  a  way  as  to  yield  a  flat-top  velocity 
profile.  The  coannular  jet  is  -  25  cm  in  diameter  and  is  char¬ 
acterized  by  a  low-turbulence  flat  velocity  field  -  5  cm/s.  The 
H2  and  N2  were  mixed  in  the  ratio  of  8  to  1  by  volume  and 
had  an  exit  velocity  of  -3  m/s.  The  adiabatic  flame  temper¬ 
ature  for  such  a  mixture  is  calculated  to  be  2320  K .  The  filament 
was  suspended  along  the  central  axis  of  the  axisymmetrical  jet 
flame,  and  the  flame  was  translated  up  or  down  to  obtain 
radial  profiles  at  several  axial  locations.  The  filament  emis.  ion 
was  scanned  at  the  rate  of  1000  Hz  with  a  spatial  resolution 
of  - 120  jim.  The  emission  was  recorded  and  converted  to 


Fig.  12  Imaging  scant  ol  SIC  lllamsnt  in  H,-N,  )«t  diffusion  llama  at 
axial  location  BO  mm  abova  nozzla  axil 


Fig.  13  Imaging  scant  ol  SIC  f llamant  In  H,-N,  Jat  diffusion  llama  at 
axial  location  100  mm  abova  nozzla  axil 


temperatures,  as  explained  earlier.  The  temperature  data  at 
several  axial  locations  of  the  jet  diffusion  flame  are  shown  in 
Figs.  8-13.  The  reader  should  keep  in  mind  that  the  displayed 
temperature  fields  represent  the  movement  of  the  flame  struc¬ 
ture  past  a  single  axial  location  as  a  function  of  time.  The  y 
axis  in  the  plots  is  time— not  space  (as  in  a  photograph  of  the 
flame). 

The  evolution  of  the  large-scale  buoyancy-driven  structures 
can  be  traced  from  these  plots.  Near  the  nozzle  exit  (Fig.  8), 
the  fuel  jet  is  surrounded  by  a  hot  reacting  cone,  which  results 
from  the  combustion  of  fuel  and  cofiowing  air.  The  flame 
structure  is  well  defined  and  displays  little  indication  of  low- 
frequency  oscillations  or  flicker.  The  temperature  is  below  the 
adiabatic  calculated  temperature  due  to  heat  loss  to  the  nozzle 
and  the  small  size  of  the  reaction  zone. 

At  the  20-mm  axial  location  (Fig.  9),  the  flame  temperature 
is  very  near  the  calculated  adiabatic  temperature.  The  flame 
has  increased  in  size  radially,  and  the  hot  temperature  zones 
have  increased  in  size.  The  increase  in  hot-zone  size  is  probably 
due  to  the  high  diffusivity  of  the  H2  molecule  and  the  extreme ly 
broad  flammability  limits.  This  width  has  been  confirmed  by 
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CARS  measurements  [101.  Notice  at  this  location  that  a  low- 
frequency  oscillation  of  the  outer  flame  boundary  is  occurring. 
This  is  the  initial  development  of  the  large-scale  buoyancy- 
driven  structures.  At  the  40-mm  axial  location  (Fig.  10),  the 
jet  has  radially  expanded  further  and  the  flame  oscillation  has 
increased  markedly  in  amplitude.  Notice  that  while  the  outer 
boundary  oscillations  are  distinct,  the  inner  flame  boundary 
(between  the  hot  temperature  zone  and  the  cold  jet)  exhibits 
only  a  small  hint  of  oscillation.  The  flame  or  hot  zone  is  acting 
to  dampen  the  buoyancy-induced  oscillations  due  to  the  high 
viscosity  of  this  zone. 

At  the  60-mm  axial  location  (Fig.  11),  the  jet  flame  has  more 
than  doubled  its  width  and  the  oscillations  that  were  nearly 
sinusoidal  at  the  40-mm  location  are  now  much  more  complex, 
having  taken  on  a  bell-like  shape.  The  unburnt  jet  fuel  is  still 
present  at  this  height. 

At  80  mm  (Fig.  12),  the  expansion  of  the  flame  continues, 
with  the  bulges  showing  signs  of  possibly  wrapping  and  en¬ 
training  the  outside  air.  Sheet-light  studies  of  this  flame  at  this 
location  indicate  that  associated  with  this  bulging  is  a  vortex 
structure  in  the  surrounding  air.  The  vortex  tends  to  grow  with 
the  flame  bulge  and  acts  to  entrain  air  into  the  flame.  The 
interplay  between  the  bulge  and  the  coexisting  vortex  structure 
is  responsible  for  the  flame  characteristics  observed  in  these 
studies. 

At  the  100-mm  axial  location  (Fig.  1 3),  the  temperature  field 
shows  the  continued  evolution  of  the  flame  bulge,  which 
strongly  displays  the  massive  air  entrainment.  The  flame  is 
three  times  its  original  size  at  the  0-mm  location.  The  cold 
central  jet,  which  was  visible  through  the  60-mm  location,  has 
undergone  periodic  combustion  with  the  entrained  air,  coin¬ 
cident  with  the  periodic  entrainment  of  air  into  the  central  jet 
by  the  outside  vortex,  as  can  be  seen  from  the  oscillation  of 
temperature  in  the  central  part  of  the  jet.  Above  the  100-mm 
location,  the  surrounding  coflowing-air  jet  field  has  decayed 
to  the  point  where  room  disturbance  is  beginning  to  affect  the 
flame  structure.  Thus,  higher  profiles  were  not  attempted.  The 
start  and  continued  evolution  of  low-frequency  buoyancy- 
driven  structures  are  clearly  evident  from  the  temperature  fields 
measured  by  the  TFP  technique.  The  temporal  as  well  as  spatial 
dynamics  of  the  changing  structure  are  captured  by  the  ro- 
tating-mirror  imaging  system.  This  technique,  in  conjunction 
with  laser-sheet-lighting  techniques,  should  greatly  enhance  the 
understanding  of  the  dynamics  of  jet  diffusion  flames.  The 
advantages  of  the  technique  outweigh  the  disadvantages  of 
restricted  temperature  range,  limitation  to  low-sooting  flames, 
and  limited  upper  response  of  -  1000  Hz. 

Conclusions 

In  conclusion,  a  novel  thermometric  technique  (TFP)  has 
been  demonstrated  to  be  capable  of  measuring  the  temporal- 


spatial  temperature  distributions  in  nonsooting  flames.  The 
technique  is  characterized  by  its  high  spatial  resolution  of  -  200 
fim,  its  fast  temporal  response  of  -  1000  Hz,  and  its  ability 
to  measure  the  radial  temperature  distribution  along  a  line 
rather  than  just  at  a  point.  An  examination  of  the  thermal 
properties  of  the  SiC  filament  employed  for  the  technique 
indicates  that  it  displays  little  axial  heat  conduction  but  requires 
that  a  radiation  correction  be  made  at  high  temperatures.  Stud¬ 
ies  on  a  H2-N2  jet  diffusion  flame  indicate  that  the  evolution 
of  the  large-scale  buoyancy-driven  structures  associated  with 
this  flame  can  be  studied.  Future  efforts  will  be  concentrated 
on  combining  this  technique  with  dynamic  visualization  tech¬ 
niques  to  obtain  a  more  detailed  picture  of  the  dynamics  of 
jet  diffusion  flames. 


Acknowledgments 

This  work  was  performed  under  USAF  Contract  No.  F33615- 
85-C-2562.  The  authors  wish  to  thank  Dr.  L.  D.  Chen  for 
supplying  the  adiabatic  flame  calculations,  Dr.  W.  M. 
Roquemore  for  encouragement  and  support,  and  Dr.  R.  S. 
Tankin  for  discussions  on  the  thermal  properties  of  the  fila¬ 
ment. 


References 

1  So,  R.  M.  C.,  Whitelaw,  J.  H.,  and  Lapp.  M  .  cds  ,  Measurements  and 
Techniques  in  Turbulent  Reactive  and  Non-Reactive  Flouts.  ASME,  New  York, 
1984,  and  reference  therein. 

2  Dow  Corning  Corporation,  Nippon  Carbon  Company,  Ltd.,  Midland,  MI 
48686-0994. 

3  Ferguson,  C.  R  ,  and  Keck,  J.  C..  “Hot-Wire  Pyrometry,"  /  App!  Phys., 
Vol.  49,  No.  3031,  1978. 

4  "Properties  of  Silicon  Carbide,"  in:  Thermophysical  Properties  of  High 
Temperature  Solid  Materials.  Vol.  5— Nonoxides  and  Their  Solutions  and 
Mixtures  Including  Miscellaneous  Ceramic  Materials.  Y.  S.  Touloukian,  ed  , 
MacMillan  Co..  New  York,  1967,  pp.  118-140 

5  Morgan,  V.  T..  "The  Overall  Convective  Heal  Transfer  from  Circular 
Cylinder.”  in:  Advances  in  Heat  Transfer,  T  F.  Irvine,  Jr.,  and  J.  P.  Harnett, 
eds.,  Academic  Press,  New  York.  1975,  Vol.  It.  p.  234. 

6  Kreith,  F  .  Principles  of  Heat  Transfer,  3rd  ed..  Harper  and  Row.  New 
York.  1973. 

7  Chen,  L.  D.,  and  Roquemore.  W.  M.,  "Visualization  of  Jet  Flames," 
Comb.  Flame.  Vol.  66,  No.  81.  1986 

8  Chen,  L.  D,,  and  Roquemore,  W.  M.,  “Two  Dimensional  Visualization 
and  Single  Point  Frequency  of  Low  Reynolds  Number  Jet  Flames,”  in:  ICALEO 
'86,  Arlington.  VA,  Vol.  85— Flow  and  Particle  Diagnostics,  Laser  Institute  of 
America,  Toledo,  OH,  1986,  pp.  16-23. 

9  Roquemore,  W.  M.,  Goss,  L.  P.,  Lynn,  W.  F..  and  Chen,  L  D  ,  "Struc¬ 
ture  of  Jet  Diffusion  Flames,"  presented  at  the  1987  Spring  Technical  Meeting 
of  the  Central  States  Section  of  the  Combustion  Institute,  May  II,  1987,  Ar- 
gonne,  IL. 

10  Systems  Research  Laboratories,  Inc.,  "Combustion  Diagnostic  Develop¬ 
ment  and  Application,"  vr[_  r&d  Statu*  Report  6890-5  under  Contract  No. 
F336I5-85-C-2562  covering  the  period  17  Sept. -16  Dec.  1986,  Dayton,  OH, 
1987. 


52 /Vol.  Ill, JANUARY  1989 


106 


Transactions  of  tha  ASME 


2.4  FLAME  VISUALIZATION 


In  the  early  development  of  advanced  laser-based  nonintrusive  diagnostics,  the  major 
emphasis  was  placed  on  precise  point-wise  measurements  in  flames.  Data  from  these 
measurements  typically  included  average,  rms,  and  pdf  distributions  of  the  scalar  and 
vector  quantities.  Profiling  of  the  flame  was  achieved  one  spatial  point  at  a  time;  thus, 
a  time-averaged  picture  of  the  flame  was  obtained.  For  dynamic  flame  systems,  this  is 
a  severe  drawback  and  has  spurred  the  development  of  multi-point  visualization 
techniques.  Several  multi-dimensional  measurement  techniques  have  been  devel¬ 
oped  and  evaluated  by  SRL's  Optical  Diagnostics  Group.  One  of  the  earliest  and  most 
widely  applied  methods  was  the  reactive  Mie  scattering  (RMS)  technique.  This  flame- 
visualization  technique  employes  the  reaction  of  TiCU  with  water  vapor  to  form  Ti02 
seed  particles.  The  seed  particles  formed  in  this  manner  are  used  to  scatter  light 
within  a  laser  sheet,  allowing  an  instantaneous  two-dimensional  snapshot  of  the  flame 
flow  structure  to  be  captured.  An  image  of  the  Mie  scattering  from  the  particles  in  the 
laser  light  sheet  can  be  recorded  by  still  photography,  cine  photography,  or  CCD  cam¬ 
eras.  If  the  technique  is  used  in  conjunction  with  a  high-repetition-rate  laser  system 
(i.e.,  a  copper-vapor  laser),  then  the  evolution  of  the  flame-flow  structure  can  be  stud¬ 
ied  as  a  function  of  time.  The  development  of  this  technique  was  discussed  in  detail  in 
a  review  paper  entitled,  "Development  of  Laser  Diagnostics  for  Combustion 
Research,"  which  was  presented  at  the  1986  Spring  Technical  Meeting  of  the  Central 
States  Section  of  the  Combustion  Institute  (see  p.  5).  Several  applications  of  the 
technique  to  jet-diffusion-flame  studies  are  discussed  in  Volume  2  of  this  report. 

Another  technique  which  has  been  employed  for  two-dimensional  flame  visualization 
is  the  Rayleigh  scattering  technique.  This  method  relies  upon  the  Rayleigh  scattering 
of  gases  in  a  laser  light  sheet  for  visualization  of  density-temperature  variations  in  a 
flowfield.  A  paper  which  discusses  the  development  and  evaluation  of  the  technique 
is  entitled,"  Multi-Dimensional  Scalar  Measurements  in  a  H2-CH4  Diffusion  Flame," 
and  was  presented  at  the  1988  Spring  Technical  Meeting  of  the  Central  States  Sec¬ 
tion  of  the  Combustion  Institute  (see  p.  116). 

The  incorporation  of  multiple  filaments  and  a  two-dimensional  camera  into  the  TFP 
technique  allowed  two-dimensional  temperature  visualization  to  be  achieved.  This 
extension  of  the  TFP  technique  was  discussed  in  a  paper  entitled,  "Two-Dimensional 
Temperature  and  Velocity  Measurement  Techniques  in  a  Sooty  Jet  Diffusion  Flame," 
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which  was  presented  at  the  1990  ASME  Fluids  Engineering  Division  Meeting  (see  p. 
122). 

Combinations  of  the  visualization  techniques  are  possible  and  allow  additional  infor¬ 
mation  to  be  obtained.  An  example  of  this  approach  is  given  in  the  paper  entitled, 
"Statistical  OH-Zone  Structure  of  Turbulent  Hydrocarbon  Jet  Flames:  Results  of 
RMS/OH-PLIF  Techniques,"  which  is  now  being  reviewed  for  publication  in  Combus¬ 
tion  Science  and  Technology  (see  p.  1 25).  In  this  paper  the  interaction  of  flame  sur¬ 
face  and  fuel-jet  vortices  is  examined  in  detail  by  the  RMS  technique  and  planar  laser- 
induced  fluorescence  (PLIF)  of  the  OH  radical. 
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ABSTRACT 

The  application  of  Thin-Filament  Pyrometry  (TFP) 
to  the  characterization  and  visualization  of  turbulent  dif¬ 
fusion  flames  is  described.  The  TFP  technique  has  high 
spatial  resolution,  fast  temporal  response,  and  the  ability 
to  measure  the  temperature  distribution  along  a  line.  The 
major  thrust  of  this  paper  is  the  demonstration  of  the 
impact  of  the  high-speed  temperature  sampling  of  TFP 
upon  the  understanding  of  turbulent  flame  propagation. 
Because  of  the  rapid  sampling,  the  dynamic,  time-varying 
features  of  the  flame  can  be  characterized  quantitatively. 
In  addition,  the  simplicity  of  the  technique  allows  combi¬ 
nation  with  other  methods  to  achieve  simultaneous  mea¬ 
surements. 

NOMENCLATURE 

aj,  85:  amplitude  of  peak 

a2,  ag:  location  of  peak 

83,  a7:  (x  2.354  =)  width  of  peak 

a4  :  background 

d  :  diameter  of  fuel  tube 

L  :  length  scale  of  radial  flame-surface  motion 

S  :  strain  rate  (=  v’/L) 

t  :  time 

T  :  temperature 

Uj  :  jet  exit  velocity 

v  :  radial  velocity  (=  dy/dt) 

v’  :  root  mean  square  (rms)  value  of  radial 

velocity  (velocity  scale  of  radial  flame-surface 
motion) 

y  :  radial  ordinate 
z  :  axial  ordinate 


INTRODUCTION 

Turbulent  flame  propagation  has  been  studied 
experimentally  by  various  advanced  optical  techniques 
including  visualization  (1-4).  While  detailed  information 
on  complicated  flame  structures  has  been  obtained,  the 
evolution  of  flame/flow  interactions  remains  undeter¬ 
mined  because  of  the  low  sampling  rates  of  the  optical 
techniques  employed.  Although,  high-repetition-rate 
lasers  and  fast,  intensified  2-D  cameras  are  available  for 
measuring  and  visualizing  the  turbulent  reaction  process 
(5),  the  expense  involved  in  acquiring  and  operating  these 
systems  is  rather  high.  Another  disadvantage  of  the  high¬ 
speed  optical  techniques  such  as  Rayleigh  scattering  is  that 
the  signal  is  weak.  In  the  present  paper,  a  low-cost 
aitemative-a  physical  probe  with  optical  signal  sam- 
pling — is  introduced  and  illustrated  . 

The  Thin-Filament-Pyrometry  (TFP)  technique 
relies  upon  the  blackbody  radiation  from  a  thin  filament 
placed  in  the  flame.  The  emission  from  the  filament  is  a 
strong  function  of  temperature;  because  of  this  strong 
emission,  line  scans  can  be  made  at  a  rate  of  more  than 
3,000  scans/sec.  Thus,  time-varying  properties  (fij- - 
essential  elements  for  understanding  flame/flow  inter- 
actions-can  be  measured.  In  addition,  because  of  the 
simplicity  of  the  TFP  technique,  it  can  be  combined  with 
other  methods  and  is  free  from  particle  noise.  This 
advantage  allows  the  filament  to  be  applied  to  the  mea¬ 
surement  of  the  flame  temperature  in  a  lightly  particle¬ 
laden  environment. 

In  the  present  paper,  the  development  of  the  TFP 
technique  and  its  application  to  the  visualization  and  char¬ 
acterization  of  turbulent  diffusion  flames  are  described. 
For  visualization,  the  technique  is  utilized  at  high  sam¬ 
pling  rates  to  trace  the  development  of  the  temperature 
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field  along  a  line.  For  quantitative  characterization  of  the 
propagation  of  turbulent  flames,  an  accurate,  automated 
data-processing  method  has  been  developed.  With  this 
scheme,  the  length  and  velocity  scales  can  be  measured 
directly.  The  data  treatment  employed  in  this  study  is 
directly  applicable  to  other  high-sampling-rate  techniques 
such  as  Rayleigh  scattering. 

TECHNICAL  DEVELOPMENTS 


The  thin-filament  pyrometer  used  in  this  experi¬ 
ment  was  described  in  detail  previously  (2).  Special  fea¬ 
tures  of  the  pyrometer  include  its  high  spatial  resolution, 
fast  temporal  response,  and  ability  to  measure  the  tem¬ 
perature  distnbution  along  a  line  rather  than  at  a  point. 
The  thermal  properties  of  the  filament  and  the  calibration 
procedure  for  obtaining  the  temperature  from  the  mea¬ 
sured  blackbody  radiation  are  also  described  in  Ref.  7.  In 
the  present  study,  the  filament  was  utilized  to  trace  the 
motion  of  the  flame.  The  signal  strength  was  measured, 
but  the  true  temperature  was  not  calculated,  thus  avoid¬ 
ing  a  complicated  calibration  procedure. 

The  filament  has  a  diameter  of  -  10  pm  and  is 
held  by  a  "U"-shaped  steel  stripe  under  proper  tension. 
The  span  of  the  holder  is  -  12  cm,  which  covers  the  flame 
diameter.  When  placed  in  the  flame,  the  filament 
becomes  visibly  "hot  red”  from  blackbody  radiation. 
This  radiation  was  imaged  onto  a  single  InGaAs  photodi¬ 
ode  detector  through  the  use  of  a  rotating  mirror  as 
demonstrated  in  Fig.  1.  The  line  image  of  the  filament 
radiation  was  sequentially  digitized  into  512  time  steps 
during  each  scan  of  the  mirror.  For  a  fixed  optical  lay¬ 
out,  the  physical  length  observed  can  be  adjusted  by 
changing  the  mirror  scan  rate  and  the  digitization  rate. 
This  scanned  length  divided  by  512  yields  the  pixel  reso¬ 
lution.  Since  this  study  covered  a  range  of  flow 
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Fig.  1  Optical  layout  of  filament-imaging  system 


conditions,  the  pixel  resolution  was  varied  from  60  to  150 
pm.  Use  of  a  single  detector  not  only  reduces  the  cost  but 
also  allows  one  flexibility  in  choosing  a  detector-even  if 
not  available  in  array  form-to  expand  the  coverage  of  the 
temperature  range  of  interest  (2).  Efforts  involved  in 
maintaining  the  optical  alignment  are  minimal. 

Data-Acquisition  Hardware 

Because  of  the  high-sampling-rate  requirement,  the 
success  of  applying  this  pyrometer  to  the  study  of  flames 
relies  heavily  upon  the  design  of  the  fast  electronic  inter¬ 
faces.  The  function  of  the  first  interface  is  to  acquire  the 
signal  and  that  of  the  second  is  to  transfer  data  into  the 
host  computer.  Those  two  interfaces  and  the  system 
hardware  are  shown  schematically  in  Fig.  2. 
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Fig.  2  Block  diagram  of  system  hardware 

A  minimum  scan  rate  ranging  from  1000  to  3000 
Hz  is  required  to  cover  the  dominant  jet-shear-layer  fre¬ 
quency  which  was  measured  by  LDA  to  be  in  the  range 
150  -  600  Hz.  To  achieve  this  high  sampling  rate,  a 
LeCroy  TR8818  Transient  Recorder  was  used.  This 
high-speed  8-bit  system  has  a  dynamic  range  of  256  of  1. 
The  output  signal  from  the  InGaAs  detector  is  amplified 
and  fed  into  the  MM8103  ECL  Memory  Unit  of  the  tran¬ 
sient  recorder.  The  rise-time  of  the  overall  detector  cir¬ 
cuitry  in  this  setup  was  1  psec.  Therefore,  during  the 
gated  time  period,  512  bytes  of  data  were  digitized  at  a 
selected  rate  in  the  range  2.5  -  4  Mbyte/sec.  To  ensure 
the  completion  of  the  sampling  of  512  bytes,  a  counter 
was  utilized  in  association  with  the  gate. 

Because  of  the  continuous  acquisition  of  massive 
amounts  of  data,  another  interface  is  needed  for  extract¬ 
ing  the  data  from  the  transient  recorder  and  feeding  the 
information  into  the  host  computer.  To  satisfy  this  need, 
an  interface  was  custom  built  which  is  capable  of  trans¬ 
ferring  data  from  the  transient  recorder  to  the  ModComp 
7870  Classic  Minicomputer  (host  computer)  at  a  rate  of 
>1  MHz.  The  current  hardware  configuration  has  two 
independent  channels.  This  allows  data  acquisition  of  the 
signal  from  two  adjacent  filaments.  In  addition,  the  sim¬ 
plicity  of  the  TFP  method  allows  integration  with  other 


no 


scalar  measurement  techniques,  the  signals  from  which 
can  be  acquired  by  the  second  channel. 

Data  Analysis 

A  natural  limitation  on  the  amount  of  data  which 
can  be  acquired  for  a  selected  measurement  location  is  the 
availability  of  the  computer  memory.  For  the  current 
study  750  line  images  were  acquired  at  each  axial  loca¬ 
tion  to  complete  a  data  file.  Multiple  files  could  be  taken 
at  the  same  location  if  needed.  It  was  found  that  even 
under  liftoff  flame  conditions,  the  flame  could  be 
described  as  flamelet-like  in  nature.  Since  the  filament 
intercepts  the  flame  surface  on  both  sides  of  the  fuel  jet, 
its  emission  appears  as  two  near-Gaussian  peaks  separated 
by  the  width  of  the  jet  and  superimposed  on  a  small  back¬ 
ground.  This  type  of  peak  and  the  background  can  be  fit 
with  the  composite  function  (&) 

F(y)  =  ai  exp{-  0.5  [(y  -  a2)  /  a3]  2}  + 

a4  +  a5  exp{- 0.5  [(y  -  a6)/a7]2}  (1) 

where  the  amplitude  of  the  two  peaks  is  given  by  at  and 
a5,  their  location  by  a2  and  a$,  their  width  by  a3  and  a7, 
and  their  background  by  a4.  This  fitting  process 
improves  the  accuracy  with  which  the  peak  (presumably 
the  flame  location)  is  located  and  avoids  the  difficulty 
associated  with  selecting  a  convention  for  determining  the 
width.  In  Eq.  (1),  y  is  of  the  same  dimension  as  the  pixel 
number  which  can  then  be  converted  to  the  physical 
dimension  through  the  known  pixel  resolution.  It  was 
crucial  to  ensure  that  each  flame  surface  was  covered  by 
at  least  20  to  40  pixels.  An  example  of  the  measured  sig¬ 
nal  along  the  filament  and  the  fitted  function  is  plotted  in 
Fig.  3.  The  fact  that  the  two  peaks  are  not  equal  is  an 
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Fig.  3  Flame  profile  captured  by  TFP  technique  (dots) 
and  fitted  curve  (solid  line) 


indication  that  the  flame  is  asymmetric.  This  is  expected 
because  the  jet  becomes  asymmetrical  starting  at  a  loca¬ 
tion  two  jet  diameters  downstream  due  to  the  develop¬ 
ment  of  azimuthal  instabilities  (2). 

The  fitting  process  allows  the  motion  of  the  flame 
surface  to  be  captured,  even  if  its  movement  is  less  than 
the  size  of  a  single  pixel  which  is  -  60  -  150  pm.  This 
improvement  in  spatial  resolution  is  important  to  the 
fractal  evaluation  of  the  flame  surface.  The  fitted  func¬ 
tion  is  stored  for  each  scan;  these  functions  form  a  time 
series  which  provides  a  record  of  the  instantaneous  flame 
position,  radial  flame  velocity,  and  flame  thickness.  Fig¬ 
ure  4  is  an  example  of  the  captured  flame  position  as  a 
function  of  time.  The  flame  trace  shows  the  small-scale 
wiggle  of  the  flame  motion  and  the  richness  of  the  fre¬ 
quency  content.  Although  the  precision  of  tracking  the 
flame  surface  is  in  the  100-pm  region,  the  statistical  error 
arises  due  to  the  limited  number  of  samples.  For  exam¬ 
ple,  750  samples  will  yield  an  uncertainty  of  -  4%.  which 
is  l/v73U.  This  uncertainty  is  believed  to  be  the  major 
source  of  experimental  error  in  this  study. 


TIME  (msec) 

Fig.  4  Trace  of  flame  surface  as  function  of  time 

In  addition  to  improving  the  accuracy  of  tracking 
the  flame  movement,  the  fitting  provides  a  direct  method 
for  automating  the  data-processing  tasks.  The  drawback 
of  this  fitting  process  is  that  it  is  time  consuming;  the  fit¬ 
ting  of  each  profile  containing  512  pixels  requires,  on  the 
average,  3  sec  of  CPU  time  of  the  host  computer.  For  a 
file  having  750  scans,  ~  45  min.  is  needed,  whereas  the 
entire  file  might  be  acquired  in  <  1  sec  during  data  acqui¬ 
sition.  However,  the  automated  data  processing  can  be 
accomplished  without  operator  interaction. 

EXPERIMENTAL 

A  short,  tapered  5-mm-id  nozzle  was  used  as  the 
fuel  jet  in  forming  a  jet  diffusion  flame.  A  25-cm  duct 
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confined  the  annular  air  flow.  Propane  and  methane  were 
used  as  fuels;  these  fuels  were  issued  at  jet  velocities  such 
that  the  flame  condition  ranged  from  lifting  to  near 
■  lo  vout.  The  corresponding  jet  velocities  ranged  from 
JC  to  80  m/sec.  Although  the  filament  is  durable  and 
does  not  break  even  for  a  flame  with  higher  jet  speed,  it 
;  vneriences  severe  vibration  which  affects  signal  collec- 
tiuti.  Therefore,  the  filament  was  used  only  as  a  visuali¬ 
zation  tool  for  flames  having  jet  speeds  of  >  60  m/sec.  If 
measurements  are  required  at  high  jet  speeds,  then  the 
bpan  of  the  filament  holder  can  be  shortened;  however, 
this  may  interfere  with  the  flowfield. 

The  locations  chosen  for  the  temperature  measure¬ 
ment  were  in  the  near-field  range  from  the  flame  base  to 
the  end  of  the  blue-flame  zone.  In  this  regime  the  shear 
layer  and  flame  surface  interact  strongly.  Deformation 
of  the  flame  surface  under  the  influence  of  the  vortical 
shear  layer  can  be  examined  in  this  region. 

RESULTS  AND  DISCUSSION 

Direct  Flame  Visualization 

In  the  study  of  turbulent  flame  propagation,  local 
extinction  is  a  fascinating  phenomenon  which  intrigues 
many  theoretical  and  experimental  researchers.  TFP 
provides  a  movie-like  picture  of  the  temperature  structure 
along  a  line.  Since  this  technique  offers  high  speed  sam¬ 
pling  capability,  the  transition  of  unsteady  flame  propa¬ 
gation  can  be  observed.  Figures  5  (a)  and  (b)  are  three 
dimensional  plots  of  the  thin-filament  temperature  data 
for  propane  and  methane  flames  under  attached  condi¬ 
tions.  Results  for  the  attached  propane  flame  are  shown 
n  Figs.  5(a)  and  fb)  for  the  positions  z  =  20  and  40  mm, 
respectively.  Results  for  the  methane  flame  are  shown  in 
Fig.  5(0  for  the  position  z  =  40  mm. 

It  is  observed  that  the  propane-flame  surface  is 
continuous  at  both  z  =  20  and  40  mm.  In  the  case  of 
methane,  the  flame  surface  is  also  continuous  at  z  =  20 
mm.  since  the  TFP  results  are  similar  to  those  shown  in 
Fig.  5(a),  they  are  not  displayed.  Beginning  at  the  posi¬ 
tion  z  =  40  mm,  z/d  =  8,  the  methane-flame  surface  is  no 
longer  continuous;  holes  -  10  mm  in  diameter  appear 
which  are  similar  to  those  found  by  other  investigators 
(2.4).  With  a  very  small  increase  in  jet  velocity  or  small 
disturbance,  the  methane  flame  splits  at  z  -  40  mm.  In 
type  of  direct  display,  the  signal-analysis  technique 
-■bed  previously  is  not  needed.  Such  direct  tempera- 
-.c  visualization  provides  qualitative  information  on 
flame- vuTice  motion  without  the  complication  of  detailed 
data  analysis.  In  addition,  since  TFP  is  a  line  measure¬ 
ment  technique,  the  occurrence  of  the  instantaneous  dis¬ 
continuity  of  the  flame  surface  can  be  observed. 


In  addition  to  direct  flame  visualization,  TFP  can 
_„mbined  with  other  visualization  techniques  to  pro¬ 
le  simultaneous  comparison  of  the  information  obtained 
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Fig.  5  Three-dimensional  plot  of  TFP  results  for  propane 
flame  at  (a)  z  =  20  mm  and  (b)  z  =  40  mm  and 
methane  flame  at  (c)  z  =  40  mm 

by  means  of  different  methods.  For  example,  TFP  and 
the  Reactive  Mie  Scattering  (RMS)  technique  have  been 
successfully  integrated  by  Goss,  £i  al.  (10)-  in  their  study 
of  propane  diffusion  flames.  In  the  RMS  technique  as 
used  here,  a  cw  argon-ion  laser  beam  is  directed  through 
the  flameiet  about  the  same  axial  location  as  the  filament 
and  parallel  to  it.  The  TiOo  particles  from  the  reaction  of 
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TiCl4  with  H20  serve  as  the  marker  which  reflects  the 
laser  light,  rhe  resulting  Mie  scattering  along  the  laser 
beam  is  scanned  by  the  rotating  mirror  used  in  the  TFP 
system  and  then  fed  into  a  separate  detector.  The  signal  is 
amplified  and  fed  into  the  second  channel  of  the  LeCroy 
Transient  Recorder  used  in  the  TFP  system. 

Figure  6  presents  the  temperature  contour  obtained 
by  TFP  which  is  associated  with  the  RMS  results  taken 
simultaneously.  The  minimum  value  of  the  temperature 
contour  is  1200  K.  The  results  clearly  show  that  inside 
the  reaction  zone  of  the  diffusion  flame  where  the  tem¬ 
perature  is  >  1200  K,  Mie  scattering  drops  substantially. 
These  results  further  demonstrate  that  caution  should  be 
exercised  while  applying  the  RMS  technique  to  the  visu¬ 
alization  of  the  flame  (4).  In  addition,  application  of  Ti02 
particles  for  flame  diagnostics  such  as  LDV  velocity  mea¬ 
surements  may  suffer  from  biasing  due  to  the  drop  in  the 
Mie  scattering.  Finally,  TFP  directly  traces  the  high- 
temperature  region  which  is  ideal  for  flame  visualization. 


Fig.  6  Simultaneous  TFP  and  RMS  measurements  of 
l -cm  propane  flame  with  Uj  =  3  m/sec 


The  dynamic  features  of  turbulent  flame  propaga¬ 
tion  can  be  quantitatively  described  by  means  of  length 
and  velocity  scales.  In  conventional  experiments  where 
direct  flame-surface  tracking  is  not  possible,  these  scales 
are  derived  from  velocity  measurements  of  the  flow  field. 
The  velocity  measured  under  that  circumstance,  however, 


does  not  necessarily  characterize  the  flame  motion.  In  the 
TFP  technique,  these  two  scales  result  from  direct 
tracking  of  the  motion  of  the  flame  surface.  Application 
of  the  turbulent  Prandtl  number  required  in  other 
techniques  is  not  needed  for  data  reduction  with  this 
technique. 

From  the  TFP  results,  a  series  of  radial  flame  sur¬ 
face  positions  y(q)  and  root-mean-square  (rms)  values  y’ 
can  be  determined;  y’  is  defined  as  the  integral  length 
scale,  L.  The  time  derivative  of  the  flame  position. 
dy(t)/dt,  is  the  instantaneous  radial  velocity,  v,  of  the 
flame  surface.  The  mean  value  of  the  radial  velocity  is 
zero;  however,  the  rms  value  v’  is  not  zero  and  repre¬ 
sents  the  turbulent  velocity  scale.  These  two  important 
scales  associated  with  the  propagation  of  the  flame  surface 
were  measured  directly  and  are  shown  in  Figs.  7  and  8 
(11.12).  In  this  experiment,  both  the  methane  and  the 
propane  flames  were  operated  under  critical  liftoff 
velocities.  At  these  velocities,  the  flame  could  be  attached 
or  lifted.  Comparing  the  results  for  the  attached  and 
lifted  flames  indicates  that  both  the  length  and  velocity 
scales  increase  dramatically  after  the  flame  lifts.  At  the 
critical  liftoff  velocity,  the  methane  flame  displays  larger 
length  and  velocity  scales  than  the  propane  flame.  This 
indicates  that  the  flame/flow  interaction  for  the  methane 
flame  is  stronger  than  that  for  the  propane  flame.  This 
strong  interaction  causes  the  methane  flame  to  display 
holes,  as  observed  by  direct  TFP  visualization. 

From  the  measured  values  of  L  and  v’,  the  strain 
rate  which  is  the  ratio  of  v’  to  L  can  be  derived.  It  is 
important  to  measure  this  quantity  because  it  allows  the 
flame-stretching  concepts  to  be  examined.  The  measured 
strain  rate  for  the  flame  conditions  shown  in  Figs.  7  and  8 
is  given  in  Fig.  9.  Here,  the  measured  strain  rate  displays 
a  relatively  constant  value  ranging  from  ~  300  to  500 
1/sec,  which  compares  favorably  with  the  results  of  other 
researchers  (13-15). 


AXIAL  POSITION  (mm) 


Fig.  7  Measured  length  scale  of  radial  flame-surface 
motion 
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STRAIN  RATE  |t/MC) 


Fig.  8  Measured  velocity  scale  of  radial  flame-surface 
motion 


Fig.  9  Measured  strain  rate,  S  =  v'/L 
Karloviu  Number 

In  the  study  of  flame  stabilization,  either  the 
Damkohler  or  the  Karlovitz  number  is  often  used  as  one 
of  the  stability  criteria  (16-171.  The  definition  of  these 
numbers  can  be  related  to  the  ratio  of  the  length  scale,  L, 
to  the  velocity  scale,  v’.  In  the  definition  of  the 
Damkohler  number,  L  and  v’  must  be  related  to  the 
velocity  fiowfield  which  may  be  considered  the  origin  or 
“input”  of  the  disturbance  of  the  flame.  In  the  definition 
of  the  Karlovitz  number,  L  and  v’  are  associated  with  the 
motion  of  the  flame  surface  which  is  the  result  or 
“output"  of  the  flow  disturbance.  The  relationship 
between  “input"  and  “output”  could  be  a  complicated 
function  of  parameters  such  as  Reynolds  number,  geome¬ 
try,  and  flame  type.  These  facts  must  be  considered 
when  making  the  decision  to  use  one  of  the  above  criteria 


to  study  flame  extinction.  If  the  generalized  flame 
behavior  under  certain  conditions,  e.g.,  near  extinction,  is 
of  interest,  then  the  measurement  of  the  “output”  of  the 
flame  would  seem  to  be  a  more  direct  approach. 

Figures  7  and  8  show  measured  L  and  v’  directly 
associated  with  the  flame-surface  motion;  these  scales  can 
be  utilized  for  derivation  of  the  Karlovitz  number.  The 
derived  Karlovitz  number  for  methane  and  propane 
flames  under  critical  flame  conditions  ranges  from  0.75 
to  1.2.  These  values  agree  well  with  the  results  of  Lewis 
and  von  Elbe  (1&J.  Considering  that  the  results  were 
obtained  from  different  combustion  systems  using  various 
experimental  techniques,  this  fair  agreement  indicates  that 
under  the  local  extinction  condition,  the  flame  may 
exhibit  universal  behavior,  regardless  of  conditions  such 
as  the  type  of  the  flame  and  geometry. 

CONCLUSION 

Through  visualization  and  characterization  of  tur¬ 
bulent  jet  flames,  the  length  and  velocity  scales  were 
found  to  increase  dramatically  after  flame  lifting.  The 
flame/flow  interaction  for  the  methane  flame  is  stronger 
than  that  for  the  propane  flame  presumably  due  to  density 
effects.  As  a  result,  the  methane  jet  flame  is  more  likely 
to  experience  holes,  which  poses  a  modeling  problem.  In 
addition,  the  Karlovitz  number  measured  near  the  flame- 
base  zone  under  lifting  conditions  agrees  with  the  results 
for  other  types  of  flames.  This  indicates  that  under  condi¬ 
tions  of  local  extinction,  the  flame  may  exhibit  univer< 
behavior.  Therefore,  a  natural  extension  of  this  reseat., 
is  examination  of  the  turbulent  combusting  fiowfield  in  a 
simulated  combustor.  This  effort,  which  is  currently 
being  undertaken,  should  at  least  provide  the  information 
on  similarities  and  differences  between  a  simple  jet  diffu¬ 
sion  flame  and  a  realistic  combustor  flame. 
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MULT  I -OIMENS IONAL  SCALAR  MEASUREMENTS  IN  A  H^CH^  DIFFUSION  FLAME 


L.  P.  Goss,  W.  F.  Lynn,  B.  Sarka,  and  D.  D.  Trump 
Systems  Research  Laboratories 
A  Division  of  Arvin/Calspan 
2800  Indian  Ripple  Road 
Dayton,  OH  45440-3696 


In  the  early  ilopment  of  advanced  laser-based  nonintrusive  diagnos¬ 
tics,  the  emphasis  was  on  precise  point-wise  measurements  in  flames. 
Techniques  such  as  Raman, i  CARS, 2  L I F , 3  and  LD\r  allow  point-wise  mea¬ 
surements  of  temperature,  radial  species  concentration,  and  velocities 
in  flame  environments.  Data  from  these  measurements  typically  include 
average,  rms,  and  pdf  distributions  of  the  scalar  and  vector  quantities. 
Profiling  of  the  flame  is  achieved  one  point  at  a  time;  thus,  an  average 
picture  of  the  flame  is  obtained.  For  dynamic  flame  systems,  this  has 
been  a  severe  drawback  and  has  spurred  the  development  of  multi -point 
measurement  techniques. 

Multi-dimensional  techniques  which  have  been  reported  to  date  include 
Planar  Laser-Induced  Fluorescence  (PLIF)  for  measuring  radical  species 
concentration  and  temperature,8  Rayleigh  imaging  for  measuring  density 
and/or  temperature,6  Lorentz-Mie  imaging  for  studying  the  mixing  proper¬ 
ties  of  jets, 1  and  Thin-Fi lament  Pyrometry  (TFP)  for  measuring  tempera¬ 
ture  along  the  length  of  a  SiC  filament  placed  in  a  flame.8  In  this 
paper  the  use  of  Rayleigh  imaging  to  capture  the  temperature  field  of  a 
low-Reynolds-number  jet  diffusion  flame  is  reported.  Recent  studies  of 
such  flames8*9  employing  both  the  reactive-Mie-scattering  visualization 
technique  and  the  TFP  technique  have  showr,  the  presence  of  large-scale 
buoyancy-driven  vortices  which  act  to  modulate  the  flame  surface  and  are 
believed  to  be  primarily  responsible  for  flame  flicker.  Rayleigh  imag¬ 
ing  may  prove  to  be  a  valuable  tool  in  understanding  these  structures. 

Because  Rayleigh  is  an  elastic  scattering  process,  the  intensity  of  the 
scattered  signal  is  typically  much  larger  than  that  of  other  light¬ 
scattering  techniques  such  as  Raman  or  CARS  which  have  been  employed  for 
flow  diagnostics.  The  relatively  large  Rayleigh  scattering  cross  sec¬ 
tion  allows  the  use  of  commercially  available  detectors  'nd  laser 
sources  for  two-dimensional  measurements.  The  effective  Rayleigh  cross 
section  ae  of  a  gas  mixture  is  given  by  the  sum  of  the  mole-fraction- 
weighted  cross  section  of  the  individual  constituents'8 

°e  =  I  (1) 

i 

where  Xi  is  the  mole  fraction  of  the  gas  i  and  o-j  is  the  Rayleigh  cross 
section  of  the  gas  observed  at  90  deg.  The  Rayleigh  image  intensity 
observed  from  a  uniform  laser  sheet  is  given  by 

IR(x,y)  =  kI0N(x,y)oe(x,y)  (2) 
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where  IR  is  the  observed  signal  from  volume  element  x,y,  N  the  number  of 
molecules  in  this  volume  element,  ae  the  effective  cross  section  for 
this  element,  k  a  calibration  constant  for  the  collection  optics,  and  Io 
the  intensity  of  the  incident  laser  sheet. 


The  number  density  of  the  flame  can  be  related  to  the  flame  temperature 
through  the  Ideal  Gas  Law.  Thus,  if  a  flame  is  employed  whose  Rayleigh- 
scattering  cross  section  does  not  vary  with  temperature,  then  the 
observed  Rayleigh  signal  is  inversely  proportional  to  the  temperature. 

By  comparing  the  observed  Rayleigh  signal  at  room  temperature  to  that  of 
a  combusting  flowfield,  the  temperature  of  the  flowfield  can  be  deter¬ 
mined  by 


IR(f low) 
IR(room) 


rf 


room 

flow 


(3) 


Equation  (3)  is  valid  only  for  a  flame  in  which  the  effective  Rayleigh 
cross  section  does  not  vary  appreciably  from  product  to  reactant.  A 
wide  variety  of  binary  mixtures  of  hydrocarbons  and  hydrogens  which 
satisfy  the  cross-section  constraint  mentioned  abovell  has  been 
reported.  The  binary  mixture  employed  for  the  present  study  contained 
31%  methane  and  69%  hydrogen,  and  its  effective  Rayleigh  cross  section 
varies  less  than  2%  when  undergoing  combustion. 


The  experimental  apparatus  employed  for  this  study  is  shown  in  Fig.  1. 
The  doubled  output  from  a  Quanta -Ray  DOR- I  Nd:YAG  laser  is  used  to  form 
a  6-cm-high  by  1-mm-thick  light  sheet.  Approximately  200  mJ  of  doubled 
output  is  used  to  form  the  sheet.  The  light  sheet  is  placed  through  the 
center  of  an  axisymmetric  jet  diffusion  flame.  A  Photometries,  Ltd., 
image-intensified  camera  system  is  employed  to  capture  the  Rayleigh 
image  of  the  flame  at  a  90-deg.  angle  to  the  light  sheet.  The  camera 
consists  of  a  Varo  image  intensifier  (utilizing  an  S20  photocathode) 
which  is  coupled  to  a  Thompson  384  x  576  CCD  array  by  a  tapered  fiber¬ 
optic  bundle.  The  camera  is  controlled  by  a  68010-based  Photometries 
DIPS  1000  Controller  System.  A  Princeton  Instruments  Model  PG10  Pulse 
Generator  is  used  to  gate  the  camera  intensifier  about  the  firing  of  the 
NdrYAG  laser.  A  10-ps  gate  is  employed  to  eliminate  unwanted  emission 
from  the  flame.  The  synchronization  between  the  laser  firing  and  the 
camera  exposure  Is  controlled  by  a  custom-built  interface.  To  maintain 
maximum  pulse  power,  the  laser  is  allowed  to  free  run  at  a  10-Hz  rate. 
Upon  acknowledgement  by  the  DIPS  1000  that  an  exposure  is  required,  the 
interface  waits  for  the  next  laser-flashlamp  discharge;  250  us  after 
this  event,  the  Q-switch  is  fired  and  the  exposure  made.  The  interface 
then  acknowledges  to  the  DIPS  1000  that  an  exposure  has  been  made  and 
that  digitization  and  transfer  can  take  place. 

The  376  x  584  camera  frame  is  digitized  by  a  low-noise  ADC  having  12-bit 
resolution  and  stored  in  the  video  RAM  of  the  DIPS  1000  for  analysis  or 
archival.  Analysis  of  the  data  consists  of  correcting  each  image  for 
non-zero  background  and  scattered  laser  light  and  then  ratioing  the  sig¬ 
nal  from  the  unknown  flowfield  to  a  room-temperature  image. 


The  burner  employed  is  the  same  as  that  reported  in  Ref.  9;  therefore, 
only  a  brief  discussion  of  it  will  be  given  here.  The  burner  system 
consists  of  an  inner  fuel  jet  surrounded  by  an  annular-air  jet.  The 
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fuel  nozzle  employed  in  this  study  was  a  special  tapered  1-cm  nozzle 
designed  to  produce  a  flat  velocity  field.  A  fuel  mixture  of  31%  meth¬ 
ane  and  69%  hydrogen  was  employed  to  minimize  changes  in  the  Rayleigh 
cross  section  upon  burning.  The  velocity  of  the  fuel  jet  was  n,  3  m/s  at 
its  exit,  with  the  annular-air-flow  velocity  being  o,  0.15  m/s.  The 
annular-air  flow  was  employed  primarily  to  minimize  room-air  distur¬ 
bances  on  the  flame. 

Visualization  studies  of  the  H2-CH4  jet  diffusion  flame  under  the  above 
conditions  indicate  the  presence  of  large  toroidal  vortices.  In  gen¬ 
eral,  these  vortices  which  are  associated  with  low-Reynolds-number  jet 
diffusion  flames  result  from  an  instability  in  the  outer  shear  layer 
formed  between  the  faster-moving  fuel  jet  and  the  slower-moving  annular 
jet.  The  impact  of  these  vortices  upon  the  flame  structure  at  low  and 
moderate  fuel  velocities  is  significant. 8»9  The  outer  vortices  are 
believed  to  be  responsible  for  the  flame  flicker  as  defined  by  the 
oscillation  of  the  luminous  flame  surface.  The  flame  is  pulled  radially 
outward  as  the  toroidal  vortices  rotate.  This  results  in  the  formation 
of  a  bulge  in  the  flame  surface,  as  demonstrated  in  the  two-dimensional 
Rayleigh  images  shown  in  Figs.  2-4.  To  an  observer  in  the  laboratory, 
the  oscillating  flame  has  a  flickering  appearance  due  to  the  upward  con¬ 
vective  motion. 

The  appearance  and  evolution  of  the  flame  bulge  is  depicted  in  the 
Rayleigh  images  of  Fig.  2-4.  Figure  2  displays  the  temperature-field 
image  recorded  n,  1  cm  above  the  fuel -jet  nozzle.  The  total  area  of  the 
image  is  ^  6  x  6  cm2.  The  thick  reaction  zones  of  this  flame  are 
believed  to  be  due  to  the  high  molecular  diffusivity  of  the  hydrogen 
molecule  and  its  broad  flammability  range.  The  formation  of  the  bulge 
can  be  seen  at  the  top  of  Fig.  2.  The  cold  central  core  of  fuel  is 
clearly  visible  in  the  figure. 

Figure  3  displays  the  Rayleigh  image  of  the  flame  at  a  location  7  cm 

above  the  jet  nozzle.  The  growth  of  the  flame  bulge  with  axial  location 

is  clearly  demonstrated.  Large  amounts  of  cold  air  are  being  entrained 
into  the  flame  surface  by  the  bulges  and  associated  air  vortices  (not 
depicted).  The  cold  central  jet  is  still  visible  in  this  flame  region. 

Figure  4  displays  the  Rayleigh  image  of  the  flame  at  a  location  12  cm 

above  the  jet  nozzle.  The  extent  of  wrapping  of  the  flame  bulge  can  be 
observed  from  this  image.  The  flame  has  increased  to  approximately 
three  times  its  size  at  the  nozzle  exit.  The  cold  central  jet  which  was 
visible  through  the  13-cm  region  has  now  undergone  extensive  preheating 
and  some  combustion, as  evidenced  by  the  appearance  of  the  dark  inner 
core.  The  Rayleigh  Image  at  this  location  gives  a  more  complete  picture 
of  the  temperature  field  than  that  from  the  TFP  technique  because  of  the 
1000-K  lower  limit  of  the  TFP. 

In  conclusion,  a  two-dimensional  Rayleigh  imaging  technique  has  been 
developed  and  employed  to  examine  a  H2-CH4  jet  diffusion  flame.  The 
temperature  images  clearly  demonstrate  flame  bulging  (pinching  and 
stretching)  due  to  the  interaction  of  the  flame  surface  and  outer 
toroidal  vortices. 
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Figure;  1.  Schematic  Diagram  of  Two-Dimensional  Rayleigh  Imaging  System. 


Figure  2.  Rayleigh  Image  of  H2-Methane 
Diffusion  Flame  at  Location 
1  cm  Above  Nozzle  Exit. 
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Figure  3.  Rayleigh  Image  of  ^-Methane 
Diffusion  Flame  at  Location 
7  cm  Above  Nozzle  Exit. 


Figure  4.  Rayleigh  Image  of  H2-Methane 
Diffusion  Flame  at  Location 
12  cm  Above  Nozzle  Exit. 
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ABSTRACT 

In  a  jet  diffusion  flame,  strong  interaction  between  velocity 
and  temperature  gradients  gives  rise  to  the  formation  of  periodic 
large-scale  buoyancy-driven  structures.  To  understand  and  model 
such  a  dynamic  process,  the  temperature  and  velocity  history  for 
the  entire  cycle  must  be  available.  Thin-filament  pyrometry  was 
used  in  conjunction  with  a  CCD  camera  to  obtain  instantaneous 
temperature  profiles,  and  two-color  panicle-imaging  velocimenv 
was  employed  to  map  the  velocity  field  in  a  sooty  propane  jet  dif¬ 
fusion  flame. 

THIN-FILAMENT-PYROMETRY  TECHNIQUE 

Thin- filament  pyrometry  (TFP)  is  a  radiometric  technique 
which  utilizes  the  blackbody  emission  from  a  SiC  fiber  for  the 
measurement  of  temperature.  SiC  has  thermal  conductivity  (10 
keal/m  hr  °C  [1])  which  is  -  40  times  lower  than  that  of  Pt-Pt-Rh 
wire.  It  also  possesses  a  fast  response  time  due  to  its  small  size 
(15-pm  nominal  diam.).  Successful  application  of  the  TFP  tech¬ 
nique  in  this  laboratory  to  the  study  of  non-sooting  jet  diffusion 
flames  was  reported  previously  [2-4]. 

Rinerimenal 

In  an  effort  to  extend  this  technique  to  the  mapping  of  an 
instantaneous  two-dimensional  temperature  field  in  a  sooty  jet 
diffusion  flame,  a  CCD  camera  was  used  to  capture  images  of  10 
filaments  suspended  vertically  above  a  propane-nitrogen  flame 
anchored  on  a  contoured  nozzle.  The  nozzle  used  in  the  experi¬ 
ment  has  a  diameter  of  23  mm,  with  a  7 -deg.  tapered  exit  section. 
The  fuel  used  wit  a  mixture  of  propane  and  nitrogen  in  equal  mass 
fractions,  flowing  at  an  exit  velocity  of  10  cm/sec. 

Co-flowing  annular  air  at  an  exit  velocity  of  13  cm/sec  from  a 
250-mm-dum.  annulus  stabilized  and  reduced  the  outside  distur¬ 
bance  to  the  flame  system.  The  imaging  system  consists  of  a 
Photometries  Model  200  CCD  camera  system  with  a  384  x  376 
pixel  image  format,  each  pixel  being  -  23  pm  in  diam..  and  a  com¬ 
puter  controllable  shutter  from  Uniblitz. 

It  was  determined  through  observation  of  die  flame  that  the 
formation  and  movement  of  the  large-icale  structures  are  repetitive 
and  cyclic  in  nature.  A  silicon  photodiode  detected  periodic  sig¬ 
nals  from  the  structures  and  produced  signals  which  could  then  be 
employed  to  initiate  the  image-acquisition  sequence.  After  receipt 
of  the  photodiode  trigger  pulse,  a  time  delay  was  generated 


internally  by  the  control  computer;  thus,  a  sequence  of  images  was 
obtained  at  different  times  in  the  cycle.  The  period  for  a  complete 
cycle  of  the  flame-bulge  formation  is  -  60  ms.  A  sequence  of  14 
images  was  taken  for  each  of  six  phases  in  the  cycle,  with  the  ini¬ 
tial  sequence  having  a  10-ms  delay  and  the  final  sequence  having  a 
60-ms  delay  from  receipt  of  the  photodiode  trigger  pulse.  Each 
image  consisted  of  an  -  10  x  23  cm  region  in  which  the  lowest  fila¬ 
ment  wu  suspended  30  mm  above  the  nozzle  and  each  of  the  other 
nine  filaments  was  located  20  mm  from  its  nearest  neighbors.  The 
images  in  each  sequence  were  then  subjected  to  »<Witir»i  image- 
processing  procedures  to  extract  the  filament  intensity  H«t»  These 
data  were  converted  to  temperature  and  then  averaged  to  smooth 
out  small  variations. 

DiaAflilyai 

An  intensity  plot  in  a  direction  parallel  to  the  filaments  is 
shown  in  Fig.  1.  Note  the  almost  uniform  soot  emission  to  either 
side  of  the  filament.  The  -pp.'^ach  used  to  compensate  for  soot 
emission  was  to  approximate  as  closely  u  possible  the  soot  inten¬ 
sity  in  a  direction  normal  to  the  filament  and  subtract  this 


Fig.  1.  Intensity  (vertical  axis)  plot  of  filament  and  its  two 
adjacent  neigh  bon  (horizontal  scale  represents  dis¬ 
tance  along  filament  length) 
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intensity  from  the  actual  intensity  at  corresponding  spatial  loca¬ 
tions.  At  locations  where  only  soot  is  present,  the  interpolated 
intensity  and  the  actual  intensity  are  identical;  therefore,  the  result¬ 
ant  subtracted  intensity  would  be  zero.  Along  the  filaments,  sums 
of  the  soot  and  the  filament  intensities  will  be  higher  than  the  inter¬ 
polated  soot  intensity;  the  subtracted  intensity  would  then  represent 
only  the  filament  intensity. 

Because  the  filament  may  not  necessarily  lie  along  a  given  col¬ 
umn  of  image  data,  an  automated  search  to  find  the  actual  filament 
locations  was  made  by  searching  for  maxima  in  the  derivative 
image.  In  practice,  the  filament  intensity  typically  spread  over 
three  to  four  columns  in  width  due  to  the  limited  resolution  of  the 
imaging  system.  Once  the  locations  of  the  filaments  were  known, 
the  intensity  values  needed  to  construct  the  polynomials  were 
obtained  from  the  pixels  adjacent  to  the  filament.  To  approximate 
the  soot  emission,  fourth -order  least-squares  polynomial  coeffi¬ 
cients  were  obtained  by  regression  analysis  of  the  actual  data.  The 
data  used  to  compute  the  fitting  polynomial  coefficients  and  the 
resultant  interpolation  are  shown  in  Fig.  2.  The  filament  center  is 
located  at  Column  211.  The  data  for  the  polynomial  fit  are 
obtained  from  Columns  200-206  and  215-221.  A  fourth-order 
polynomial  is  used  to  construct  the  intensity  profile  of  the  soot 
background,  from  Columns  200-221,  which  is  then  subtracted  from 
the  actual  intensity  at  the  corresponding  locations.  The  resultant 
subtracted  intensity  values  for  the  eight  columns  centered  on  the 
filament  are  summed  to  account  for  the  image-blooming  effect  of 
the  detector. 


Fig.  2.  Data  used  in  regression  analysis  to  form  fourth-order 
polynomial  (n)  and  resulting  interpolation  (♦) 

To  convert  the  filament  intensity  obtained  into  temperature, 
pure  hydrogen  was  substituted  for  the  propane-nitrogen  fuel  mix¬ 
ture.  The  average  maximum-intensity  value  obtained  from  the 
hyrogen  jet  diffusion  flame  was  then  assigned  a  temperature  value 
corresponding  to  the  adiabatic  equilibrium  flame  temperature,  and 
the  intensity  data  for  the  propane  flame  were  scaled  by  the  blown 
hydrogen-flame  temperature  and  converted  to  temperature  data 
through  the  use  of  Planck’s  equation.  The  calculated  temperature 
profiles  were  then  corrected,  by  the  method  outlined  in  Ref.  2,  for 
the  minor  heat  loss  due  to  convection.  Temperature  profiles 
obained  by  means  of  this  technique  are  superimposed  on  the  aver¬ 
age  of  14  images,  as  shown  in  Fig.  3.  Note  the  expansion  and 
contraction  of  high-temperature  zones  following  the  passage  of  the 
large-scale  structures.  At  most  locations  in  the  flame,  excellent 
data  were  obtained,  revealing  the  essential  features  of  the  tempera¬ 
ture  fields  under  study. 

TWO-COLOR  PARTICLE-IMAGING  VELOCIMETRY 

In  complex  fiowfields,  i.e.,  recirculating  flows,  it  is  important 
to  obtain  an  instantaneous  two-dimensional  picture  of  the  entire 
flowfield  rather  than  be  restricted  to  a  pointwise  time-averaged 
map.  For  low  to  moderate  velocity  fiowfields,  particle-traclring 


Fig.  3.  Center  portion  of  jet  diffusion  flame  with  resultant  tem¬ 
perature  profiles  superimposed  on  filament  locations 
(note  incipient  formation  of  large-scale  structures) 

methods  are  efficient,  offering  a  wide  velocity  range  and  allowing 
two-dimensional  measurement  of  the  velocity  flowfield  [3]. 

Experimental 

The  experimental  arrangement  for  two-color  particle-imaging 
velocimetry  (PIV)  measurements  is  shown  in  Fig.  4.  Two  sepa¬ 
rate  Nd:YAG  lasers  are  used  in  forming  the  different-color  light 
sheets  for  exposing  the  position  of  the  particles  in  the  seeded  flow- 
field.  The  green-laser  light  sheet  is  formed  from  the  doubled  out¬ 
put  of  a  NdrYAG  laser  (Quanta-Ray  DCR  1A)  at  532  nm.  The 
red-laser  light  sheet  at  607  nm  is  formed  by  using  the  frequency- 
doubled  output  of  a  Nd:YAG  laser  (Quanta-Ray  DCR  3A)  to  pump 
a  dye  laser.  The  combined  laser  sheets  were  -  10  cm  in  height  and 
1  mm  in  thickness  in  the  test  area.  The  time  separation  between 
the  green-  and  red-laser  sheets  was  300  usee.  The  seed  (alumina  of 
1-4  nominal  size)  was  injected  into  both  the  fuel  and  die  annular 
air. 

A  Nikon  35-mm  format  camera  was  used  to  record  the  Mie 
scattering  from  the  seeded  flowfield.  A  macro  zoom  lens  operat¬ 
ing  at  an  f/8.4  aperture  was  employed  for  the  images  reported  in 


35-mm  Camera  Nd:Y  AO  Laser 


Fig.  4.  Experimental  arrangement  for  two-color  particle-imaging 
velocimetry 
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this  study.  This  lens-aperture  combination  resulted  in  a  magnifica¬ 
tion  factor  of  0.39.  To  reduce  the  contribution  of  the  soot  emission 
of  the  flame,  a  Uniblitz  high-speed  camera  shutter  operating  at  a 
1/300-sec.  exposure  was  employed.  The  100  -  400  ASA  color  film 
used  to  record  the  two-color  PIV  images  was  processed  commer¬ 
cially.  The  experimental  arrangement  for  the  jet  diffusion  flame 
was  described  previously. 

Image  Analysis 

The  analysis  procedure  consists  of  1)  digitizing  the  color  nega¬ 
tive  with  a  CCD  array,  2)  determining  the  spatial  locations  of  the 
digitized  particle  images,  3)  constructing  a  correlation  map  from 
which  the  most  probable  displacement  vector  can  be  determined, 
and  4)  using  this  information  in  a  Tsr'.z.  which  identifies  green/ 
red-particle  vector  pairs  from  the  digitized  image. 

The  color  film  was  digitized  by  a  384  x  376  CCD  camera 
using  a  film  projector  to  enlarge  a  section  of  the  film  onto  the  cam¬ 
era.  The  digitized  film  sections  typically  covered  a  1.5-sq.-cm  area 
of  the  recorded  image.  Each  section  of  the  enlarged  image  was 
digitized  twicc-first  with  a  green  filter  for  identifying  the  green- 
particle  image  and  the  second  time  with  a  red  filter  for  identifying 
the  red- parucle  images.  The  unique  color  coding  helps  remove 
directional  ambiguities  since  the  red  image  occurs  after  the  green. 

A  correlation-histogram  map  is  constructed  from  the  groen- 
and  red-particle  images.  As  green/red-particle  pairs  having  the 
same  velocity-and  thus  displacement-are  mapped  onto  correlation 
space,  peaks  are  built  up  on  this  map.  The  maximum  of  this  map 
corresponds  to  the  most  probable  displacement  from  the  center 
coordinate.  To  determine  the  individual  velocity  vectors,  a  tracker 
must  be  employed. 

The  tracker  functions  by  first  starting  from  each  green-particle 
image,  adding  the  most  probable  vector  displacement,  and  search¬ 
ing  for  the  corresponding  red-particle  pair.  If  there  is  a  red  particle 
at  the  projected  coordinates,  then  a  velocity  match  is  made  and  a 
vector  drawn.  If  no  red  particle  is  found  at  these  coordinates,  a 
small  window  is  opened  around  the  target  coordinates.  This  win¬ 
dow  is  expanded  incrementally  to  a  selected  percentage  of  the  vec¬ 
tor  length. 

The  processed  two-color  PIV  image  for  the  2.54-cm  propane 
jet  is  shown  in  Fig.  3.  The  initial  velocity  of  the  fuel  jet  was  -  0.13 
m/sec  at  the  nozzle  exit  As  the  fuel  jet  progressed  downstream, 
the  velocity  of  the  jet  decayed,  approaching  zero  at  -  1.3  diameters 
downstream.  The  development  of  the  stagnation  zone  was  due  to 
the  high  density  of  the  propane  fuel  which  overcame  the  initial 
momentum  of  the  fuel  jet  Just  above  this  stagnation  zone  the  fuel 
jet  accelerated  due  to  die  proximity  of  the  fast  hot-burning  gases. 
Notice  that  these  hot  regions  displayed  a  much  higher  velocity  than 
the  cold  central  fuel  jet  This  high  velocity  was  believed  to  be  due 
to  the  buoyancy  effect  which  would  accelerate  the  hot  flow  den¬ 
sity)  combusting  gases.  The  gases  in  the  combusting  zone  reach  a 
velocity  of  -  3  m/sec.  Notice,  also,  how  the  cooler  outer  air  was 
entrained  into  the  flame  at  downstream  locations.  This  process 
acted  to  mix  bunting  fuel  with  air  and,  thus,  sustain  combustion  at 
downstream  locations. 

CONCLUSIONS 

Application  of  the  TFP  technique  to  the  study  of  a  sooty  flame 
has  been  demonstrated.  Furthermore,  by  spacing  filaments  over 
the  height  of  the  flame  and  using  a  CCD  array  detector,  instanta¬ 
neous  two-dimensional  temperature  profiles  were  obtained. 
Through  application  of  the  two-color  PIV  technique  to  the  same 
flame,  an  instantaneous  two-dimensional  velocity  map  was 
obtained.  Although  not  employed  in  this  study,  concurrent  appli¬ 
cation  of  the  techniques  can  be  used  to  obtain  simultaneous  tem¬ 
perature  profiles  and  velocity  fields;  this  can  be  an  invaluable  tool 
in  the  analysis  of  temporally  and  spatially  dependent  phenomena. 
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Abstract 


Joint  Reactive-Mie-Sc  altering  (RMS)  and  Planar-Laser-Induced-Fluorescence  (PLEF) 
techniques  have  been  employed  to  study  die  impact  of  jet-shear-layer  development  upon  flame 
behavior.  Images  of  the  complete  penetration  of  the  shear-layer  vortex  through  the  flame  sur¬ 
face  have  been  successfully  captured  utilizing  these  planar  imaging  techniques.  Studies  of 
these  images  have  indicated  that  the  degree  of  flame/flow  interaction  varies  with  respect  to  a 
wide  range  of  flame  conditions  and  results  in  the  observation  of  several  different  types  of  flame 
zones-flamelets,  multiple  flamelets,  thick  flame  zones,  and  local  extinction.  The  probability  of 
observing  the  different  types  of  flame  behavior  was  measured,  and  the  results  are  presented. 
Analysis  of  the  probability  data  indicates  that  the  root-mean-square  (rms)  flame-surface  fluctu¬ 
ation,  L,  provides  a  proper  length  scale  for  correlating  the  statistical  behavior  of  the  flame. 
Significant  changes  in  the  flame  behavior  were  observed  to  occur  at  two  critical  values  of  L- 
the  minimal  thermal  thickness  (-1  mm)  and  the  nozzle  diameter  (5  mm). 

KEY  WORDS:  Flame,  Stabilization,  Measurement,  OH,  PUF,  Probability. 


*A  version  of  this  paper  was  presented  at  the  AIAA  28th  Aerospace  Sciences  Meeting  as 
AIAA  Paper  No.  90-0159. 
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INTRODUCTION 

Information  on  the  detailed  flame/flow  interaction  is  an  important  key  to  understanding 
flame-stabilization  mechanisms  for  jet  flames  under  attached  or  lifted  flow  conditions.  Three 
different  theories  (Pitts,  1988)  have  been  applied  in  attempts  to  explain  flame  lifting:  1)  the 
laminar  flamelet  mode  (Peters  and  Williams,  1983),  2)  the  premixed  combustion  mode 
(Vanquickenbome  and  van  Tiggelen,  1966),  and  3)  the  large-scale  structural-mixing  model 
(Broadwell  and  Breidenthal,  1982;  Dahm  and  Dibble,  1988;  Miake-Lye  and  Hammer,  1988). 
Although  these  models  were  established  through  sound  experimental  and  theoretical  efforts, 
under  many  circumstances  they  are  contradictory.  Disagreement  between  the  various  theories 
may  be  due,  in  part,  to  the  vast  differences  in  the  turbulence  states  of  mixing  and  combustion 
processes  in  the  jet  flowfleld  which  result  from  the  development  of  large-scale  vortices.  As  an 
example,  earlier  work  of  Shekarchi  et  al.  (1988)  indicated  that  the  flame  lifting  begins  at  the 
nozzle  mouth,  regardless  of  the  fuel,  for  a  taper  nozzle  jet  exhibiting  a  flat  velocity  profile. 
However,  it  has  been  experimentally  observed  that  this  is  not  the  case  for  a  methane  flame 
(Chen  and  Goss,  1989);  the  observed  difference  in  lifting  characteristics  between  the  methane 
and  propane  flames  in  this  study  was  attributed  to  the  difference  in  the  degree  of  interaction  of 
the  flame  surface  and  the  vortices  initiated  from  the  fuel  jet  Thus,  a  thorough  statistical  char¬ 
acterization  of  this  interaction  can  aid  the  understanding  of  flame-lifting  mechanisms. 

Two  important  aspects  of  large-scale  vortices  have  opposite  effects  upon  flame  stabili¬ 
zation:  1)  promotion  of  fuel-air  mixing  which  stabilizes  the  flame,  and  2)  stretching  and  pene¬ 
tration  of  the  flame  zone  which  destabilizes  the  flame.  The  weight  of  these  counter-effects  may 
be  determined  by  means  of  associated  scales  such  as  the  thickness  of  the  combustible  mixing 
zone,  the  size  of  the  large-scale  structure,  and  the  thickness  of  the  OH  zone  which  provides  a 
potential  source  of  reignition.  Studies  of  the  stabilization  effect  have  received  more  attention; 
however,  due  to  the  availability  of  laser  diagnostics,  considerable  interest  has  now  been  shown 
in  the  destabilization  effect.  This  study  is  concerned  with  the  destabilization  effects  of  large- 
scale  vortices  as  imaged  by  planar-laser-imaging  techniques. 
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Tne  Planar-Laser-  Induced-  FI  uorcscencc  (PLJF)  (Hanson,  1986)  and  Reactive- Mie- 
Scattcring  (RMS)  (Roquemore  et  al„  1989)  techniques  were  employed  in  the  present  study  to 
characterize  the  flame/flow  interactions  of  turbulent  jet  flames.  For  the  PLIF  technique,  the 
OH-radical  fluorescence  was  utilized.  The  existence  of  the  OH  radical  is  an  indicator  of  ongo¬ 
ing  combustion  processes  and  can  marie  the  area  of  the  thermal  zone.  For  the  RMS  technique, 
Ti02  seed  particles  formed  by  the  reaction  of  T1CI4  with  water  were  used  for  Mie  scattering. 
When  properly  introduced  into  the  fuel  jet,  TiQ^  forms  TIO2  in  the  fuel-mixing  layer.  By 
tracking  the  vortex  motion  with  Mie  scattering  and  marking  the  flame  zone  by  OH  fluores¬ 
cence,  the  impact  of  large-scale  structures  upon  flame  behavior  can  be  observed.  By  statisti¬ 
cally  analyzing  the  experimentally  observed  OH  profiles,  the  thickness  of  the  thermal  zone,  the 
magnitude  of  the  flame  fluctuation,  and  the  probability  of  observing  flamelets,  thick  flame 
zones,  and  holes  can  be  determined.  This  analysis  allows  evaluation  of  the  dependence  of  the 
statistical  flame  properties  upon  the  degree  of  flame/flow  interaction.  A  proper  representation 
of  the  degree  of  flame/flow  interaction  will  be  described. 

EXPERIMENTAL 

Flow  Conditions 

The  fuel  jet  employed  in  this  study  consisted  of  a  short,  tapered  5-mm-id  nozzle  sur¬ 
rounded  by  a  25 -cm  annular  air  duct.  The  contraction  ratio  of  the  contoured  nozzle,  20  to  1, 
was  designed  to  yield  a  flat  exit-velocity  profile.  The  exit  velocity  of  the  annular  air  flow  was 
fixed  at  15  cm/sec.  The  fuels  employed  for  this  study  included  propane  and  methane,  with  jet 
velocities  ranging  from  flame  liftoff  to  near  blowout  The  critical  liftoff  velocity  for  the  pro¬ 
pane  flame  was  measured  to  be  19.5  m/s  and  that  for  the  methane  flame,  to  be  29.0  m/s.  Under 
the  critical  liftoff  condition,  the  flame  can  be  either  attached  or  lifted.  The  measurement  loca¬ 
tions  were  chosen  in  the  near-field  region  from  the  flame  base  up  to  60  jet  diameters  down¬ 
stream,  x/d  ■  60.  In  this  region  the  fuel-jet  shear  layer  and  flame  surface  interact  strongly, 
allowing  the  deformation  of  the  flame  surface  to  be  studied. 
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Diagnostic  Techniques 

The  optical  setup  utilized  in  this  study  for  joint  RMS/OH-PLIF  measurements  is  shown 
in  Fig.  1.  A  Quanta-Ray  DCR-3:PDL:WEX  laser  system  was  employed  to  produce  the  UV 
radiation  required  to  excite  the  (0,1)  transition  of  the  OH  radical.  The  UV  beam  of  283-nm 
wavelength  was  passed  through  sheet-forming  optics  and  directed  through  the  flame  zone. 
Laser-induced  fluorescence  from  the  OH  radical  was  observed  at  right  angles  to  the  laser  sheet 
by  an  intensified  two-dimensional  CCD  camera  (Photometries  CC200).  The  384  x  576  pixel 
density  of  the  CCD  camera  combined  with  the  optical  arrangement  resulted  in  a  98-pin/pixel 
spatial  resolution  which  allowed  observation  of  a  37.5  x  55  mm  area  of  the  flame. 

Joint  RMS/OH-PLIF  measurements  were  made  by  introducing  a  small  amount  of  TiCl^ 
into  the  gaseous  fuel.  TiCl^  reacts  with  water  formed  as  a  combustion  byproduct  to  produce 
small  seed  particles  which  can  scatter  laser  light  Care  was  taken  to  ensure  that  the  seed  con¬ 
centration  would  be  maintained  at  a  low  level  such  that  the  OH-fluorescence  signal  would  not 
be  overwhelmed  by  the  Mie-scattering  signal.  In  this  arrangement  the  Mie-sc altering  and  OH- 
PLflF  signals  are  observed  simultaneously  by  a  single  camera  system.  For  independent  OH- 
PLflF  measurements,  a  spike  filter  with  30%  efficiency  centered  at  314  nm,  half-width  of  10 
nm,  was  used  to  filter  out  the  Mie  scattering  from  the  dust  particles  and  soot.  For  most  flame 
conditions  tested,  the  flame  base  was  blue  in  color  and  soot  emission  was  not  observed  to  be  a 
problem. 

Dissipation  Calculation 

One  of  the  natural  candidates  for  examining  the  degree  of  flame/flow  interaction  is 
measurement  of  the  scalar  dissipation  involved  in  the  combustion  process.  The  presence  of  the 
OH  radical  marks  the  thermal  zone  which-for  the  case  of  a  diffusion  flame-includes  the  reac¬ 
tion  zone.  The  absence  of  the  OH  radical  in  a  cross  section  of  the  flame  surface  thus  represents 
possible  flame  extinction.  Calculation  of  the  dissipation  of  the  OH  radical  was  carried  out  for 
the  experimental  OH  images  as  (Namazian  et  al.,  1988;  Long  and  Yip,  1988): 
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x  -  2Dt(8S/Sx)2  +  (8S/Sy)2] 


(1) 


where  D  is  the  diffusion  coefficient,  S  the  measured  OH  signal,  5  the  differential  operator,  and 
x  and  y  the  ordinates  of  horizontal  and  vertical  direction,  respectively. 

Probability  Analysis  and  Signal  Detectability 

For  constructing  a  statistical  description  of  the  flame  properties,  hundreds  of  scalar 
measurements  are  required.  In  the  case  of  two-dimensional  imaging  techniques,  this  can  con¬ 
stitute  a  problem  due  to  the  massive  amount  of  data  required  (443  KBytes  of  information  per 
image).  To  solve  this  problem,  a  line  image  system  was  employed.  In  this  case  the  laser- 
excitation  beam  is  mildly  focused  into  a  cylinder  or  line,  the  fluorescence  from  which  is  cap¬ 
tured  by  a  1024-element  intensified-diode-array  system.  For  each  flame  condition,  several 
axial  locations  were  chosen  for  measurement  At  each  location  730  line  images  were  acquired 
and  stored  for  analysis. 

Because  the  laser-excitation  line  intercepts  the  jet-flame  axis  perpendicularly,  it  crosses 
the  flame  zone  twice.  Since  the  radial  flame  fluctuation  is  small  compared  to  the  jet-flame 
diameter,  disappearance  of  the  OH  fluorescence  signal  cannot  be  due  to  drifting  of  the  flame. 
Absence  of  the  OH  signal  in  an  area  where  the  flame  surface  should  be  located  can  be  due  to 
either  flame  extinction  or  hole  formation.  Except  for  hole  formation,  the  experimentally 
observed  thermal  zones  were  of  three  types:  thin  flamelets  (~  1  mm  in  thickness),  thick  flame 
zones  (>  3  mm),  and  multiple  flame  zones  (combination  of  multiple  thin  or  thick  zones).  For 
data-presentation  purposes,  multiple  flamelets  were  considered  to  be  a  thick  flame. 

By  counting  the  number  of  times  each  of  these  zones  was  observed,  one  could  deter¬ 
mine  the  probability  of  their  occurrence: 

Probability  *  (event  count)  /  Nj  (2) 
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where  Nj  is  the  number  of  line  images  collected  (750  in  this  study). 

Although  this  type  of  analysis  does  not  require  quantitative  temperature  information, 
the  signal-detectability  limit  must  be  considered.  To  ensure  that  the  OH  signal  would  not  dis¬ 
appear  due  to  insufficient  laser  power  or  inefficient  detectability,  several  measures  were  taken. 
First,  the  Nd:YAG  laser  was  operated  at  full  power.  Measurements  of  the  OH  signal  intensity 
as  a  function  of  laser  power  indicated  that  the  OH  fluorescence  was  in  the  saturated  regime  for 
the  line-measurement  conditions  studied.  For  the  optical  setup  utilized  in  this  study,  the  linear 
OH  fluorescence  exists  only  under  very  low  power  conditions-less  than  50%  of  full  power. 
Second,  results  from  the  line-OH  measurements,  when  compared  with  temperatures  measured 
by  thin-filament  pyrometry  (TFP)  (Chen  and  Goss,  1989;  Chen  et  al.,  1989),  indicated  that  the 
OH  signal  was  detected  only  in  a  region  where  the  temperature  was  above  -  1000  K.  There¬ 
fore,  when  the  local  flame  temperature  was  higher  than  the  ignition  temperature  and  the  fuel-air 
mixture  was  combustible,  the  OH  radical  existed  and  could  be  detected  by  the  optical  setup  em¬ 
ployed. 

RESULTS  AND  DISCUSSION 

Local  Extinction  and  Non-Flamelet  Behavior 

Evidence  of  discontinuities  (or  holes)  in  the  flame  sheet  of  jet  diffusion  flames  has  been 
reported  by  several  groups  (Roquemore  et  al.,  1989;  Eickhoff  et  al.,  1985;  Schefer  et  al.,  1988; 
Takahashi  et  al.,  1982).  The  existence  of  holes  in  the  flame  surface  is  thought  to  result  from 
the  penetration  of  the  flame  by  vortices  formed  by  the  fuel  jet  Since  flame-stabilization  behav¬ 
ior  is  linked  to  the  evolution  of  these  vortices  (Pitts,  1988;  Miake-Lye  and  Hammer,  1988),  an 
experimental  investigation  was  initiated  to  study  these  flame/vortex  interactions. 

Figure  2  is  a  joint  RMS/OH-PLIF  image  taken  in  the  near  field  of  an  attached  CH^  dif¬ 
fusion  flame  at  the  critical  liftoff  velocity.  The  vortex  penetration  through  the  fame  surface 
can  be  seen  clearly  in  this  figure.  The  flame  surface,  indicated  by  the  outer  OH  fluorescence, 
displays  an  area  of  local  extinction  corresponding  to  the  size  of  the  penetrating  vortex  which 
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is  marked  by  the  Mie  scattering  associated  with  the  fuel  jet  In  this  particular  case  the 
propagation  of  the  flame  surface  is  passive  and  dominated  by  the  vortex  motion  which  is  driven 
by  the  fuel  jet  For  most  jet  diffusion  flames,  the  separation  of  the  flame  surface  from  the  shear 
layer  (Roquemore  et  al. ,  1989;  Masri  et  al .,  1984)  is  well  defined.  However,  this  separation  is 
not  so  well  defined  in  the  methane  as  in  the  propane  flame,  resulting  in  a  stronger  flame/flow 
interaction  for  the  former.  In  addition,  the  density  of  the  methane  jet  is  lower  than  that  of  the 
co-flowing  air;  thus,  the  shear-layer  vortex  has  a  higher  probability  of  spinning  out  and  inter¬ 
acting  with  the  flame.  As  a  result,  the  methane  flame  displays  a  higher  probability  of  hole  for¬ 
mation  than  the  propane  flame  at  the  critical  liftoff  jet  velocity.  The  high  probability  of  hole 
formation  at  a  location  ~  60  mm  downstream  causes  the  methane  flame  to  split  before  complete 
lifting  occurs.  This  observation  was  confirmed  by  the  probability  data  which  will  be  presented 
in  the  next  section. 

Seven  large  vortices  can  be  identified  in  the  RMS/OH-PUF  image  displayed  in  Fig.  2. 
The  flame  surface  is  distorted  by  only  three  of  these.  The  other  four  have  little  effect  due  to 
their  greater  separation  from  the  surface  which  reduces  the  strength  of  the  interaction.  As  a 
result,  the  flame  surface  fluctuates  at  a  frequency  which  is  lower  than  that  of  vortex  passage. 
This  result  is  consistent  with  those  of  previous  studies  which  found  that  the  flame  surface  flue- 
mates  in  the  frequency  range  ~  SO  to  125  Hz.  Based  upon  the  liftoff  height,  jet  exit  velocity, 
and  flame-crossing  frequency,  the  values  of  the  Strouhal  number  for  this  flame  were  deter¬ 
mined  to  be  -  0.10  -  0.15  (Chen  et  al.,  1989). 

As  can  be  seen  from  Fig.  2,  the  OH-zone  thickness  remains  fairly  constant,  ~  1  mm,  at 
the  flame  base  for  both  the  propane  and  methane  flames  operating  under  the  critical  liftoff  con¬ 
dition.  This  slow  growth  of  the  thermal  zone  was  also  observed  by  Schefer  et  al.  (1988).  The 
OH  zone  thickness  for  the  laminar  propane  and  methane  flames  was  also  experimentally  mea¬ 
sured,  and  the  smallest  value  was  found  to  be  1  mm.  As  the  jet  velocity  increases  beyond 
flame  liftoff,  the  interaction  between  the  flame  and  the  vortex  layer  becomes  stronger,  resulting 
in  an  increase  in  the  probability  that  local  extinction  (hole)  will  occur  at  the  flame  surface.  In 
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this  case,  the  flame  attempts  to  stabilize  at  a  downstream  location  where  the  interaction  is 
weaker.  Under  the  near-blowout  condition,  the  flame  base  is  stabilized  far  downstream  where 
fuel-air  mixing  is  nearly  complete.  This  results  in  a  premixed  combustion  zone  which  is  thick 
in  nature  and  tends  to  wrap  around  the  vortices.  In  this  region  tribrachial  flames  (Buckmaster 
and  Matalon,  1988)  may  exist,  which  can  also  contribute  to  a  thick  thermal  zone.  The  mea¬ 
sured  thickness  of  the  OH  zone  near  the  flame  base  under  this  condition  varies  from  -  10  to  30 
mm  which  compares  favorably  with  previous  temperature  results  (Chen  and  Goss,  1989). 

Figures  3-5  depict  planar  OH  images  and  their  associated  dissipation  at  the  base  of  a 
lifted  methane  flame  operated  under  near-blowout  conditions.  Under  these  conditions  1-mm- 
thick  flamelets  can  still  be  observed,  but  the  probability  of  observing  them  is  lower.  The 
observed  flame-base  structures  fall  into  three  categories.  The  first,  shown  in  Fig.  3,  is  a  simple 
flame  dp.  The  second  is  a  thick  vortical  structure,  as  shown  in  Fig.  4.  Inside  the  thick  thermal 
zone,  two  small  non-burning  zones  can  be  observed,  corresponding  to  pockets  which  are 
extremely  fuel-rich  (Barlow,  1989).  The  third  type  of  flame  base,  shown  in  Fig.  5,  is  character¬ 
ized  by  two  distinct  islands  of  combustion  located  outside  the  main  flame  base.  The  associated 
dissipation  map,  shown  in  Fig.  5(b),  indicates  that  the  dissipation  rate  is  maximized  at  the  inter¬ 
face  between  these  islands.  The  wedge  shape  of  this  maximum-dissipation  area  suggests  that 
the  local  extinction  here  may  be  due  to  excessive  stretching. 


The  flames  shown  in  Figs.  4  and  5  would  display  multiple  OH-signal  peaks  if  observed 
by  a  line  CCD  detector.  The  presence  of  such  peaks  was  reported  in  an  earlier  study  (Chen  et 
al.,  1989).  The  multiple  flame  zones  in  this  case  were  classified  as  thick  flames,  as  was  men¬ 
tioned  previously.  In  addition  to  the  thick  zone,  flamelets  and  holes  can  also  be  observed  at 
different  downstream  locations.  The  probability  of  observing  these  events  is  shown  in  Figs.  6- 
9  for  methane  and  propane  flames  under  the  critical  liftoff  condition.  Figures  6, 7, 8,  and  9  dis¬ 
play  data  for  the  attached  methane  flame,  the  lifted  methane  flame,  the  attached  propane  flame, 
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ami  the  lifted  propane  flame,  respectively.  The  probability  of  observing  thin  flamelets  is 
highest  at  the  flame  base.  Further  downstream,  the  probability  of  observing  holes  and  thick 
OH  zones  increases.  The  methane  flame  displays  a  higher  probability  of  developing  holes  than 
the  propane  flame,  as  explained  previously.  The  coexistence  cf  thir.  flamelets,  holes,  and  thick 
flame  zones  is  indeed  challenging  to  the  modeling  community  (Haworth  er  al.,  1989;  Chen  and 
Kollmann,  1989;  Corea  and  Gulati,  1989). 

Comparison  of  Figs.  6  and  7  leads  to  the  conclusion  that  under  the  critical  liftoff  condi¬ 
tion,  flamelets,  thick  flame  zones,  and  holes  have  the  same  probability  of  occurring  in  attached 
and  lifted  flames.  This  is  primarily  due  to  the  fact  that  the  exit  velocities  are  the  same.  This 
conclusion  can  also  be  drawn  from  the  propane-flame  results  displayed  in  Figs.  8-9.  At  the 
300- mm  downstream  location,  the  probability  of  observing  holes  approaches  that  of  observing 
flamelets  for  the  flow  conditions  presented  in  Figs.  6-9.  Data  for  the  methane  flame,  having  an 
exit  velocity  of  40  m/s,  are  plotted  in  Fig.  10.  As  the  jet  velocity  is  increased,  the  flame/flow 
interaction  is  observed  to  become  stronger.  The  probability  of  observing  holes  is  higher  than 
that  of  observing  flamelets  at  the  225-mm  downstream  location.  For  a  methane  flame  having 
an  exit  velocity  of  60  m/s,  the  corresponding  location  is  ~  175  mm. 

The  effect  of  the  changing  scales  upon  flame  stabilization  can  be  appreciated  by  exam¬ 
ining  Fig.  6  which  shows  that  at  =  60  nun,  there  is  a  local  high  probability  that  holes  will  be 
observed  and,  thus,  a  low  probability  that  the  flame  will  be  observed.  Eventually,  with  a  small 
increase  in  velocity  from  the  critical  liftoff  value,  flame  necking  will  occur  at  this  location. 
The  probability  of  holes  being  displayed  at  this  location  may  be  at  the  local  maximum;  how¬ 
ever,  the  highest  probability  of  holes  being  observed  occurs  farther  downstream,  as  shown  in 
Figs.  6-10.  The  reason  for  local  splitting  of  the  methane  flame  at  -  60  mm  but  not  at  other 
locations  having  higher  probabilities  of  displaying  holes  (local  quenching)  may  be  related  to 
the  variety  of  scales,  each  of  which  is  changing  with  respect  to  space  and  time.  Near  the  nozzle 
exit  mixing  is  incomplete,  and  the  mixing  layer  and  the  flammable  zone  are  thin.  As  a  result 
the  measured  flame  zone  is  thin,  ~  1  mm.  The  size  of  the  vortex  at  this  location  can  be  as  large 
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as  5  mm,  which  is  larger  than  the  thickness  of  die  flame  and  can  completely  penetrate  the 
flame,  as  shown  in  Fig.  2.  Under  these  conditions  the  flame  can  be  quenched  and  is  not 
reignited  easily.  Farther  downstream,  however,  more  efficient  mixing  is  achieved  which 
results  in  a  thick  mixing  layer  and  flammable  zone.  Thus,  in  this  region  the  probability  of 
holes  being  displayed  increases  (which  may  be  due  to  the  increasing  importance  of  large  buoy¬ 
ancy  instability  structures);  however,  since  the  probability  of  reignition  is  also  greater,  the 
flame  will  not  split  at  these  locations. 


As  the  flow  is  perturbed  by  large  structures  in  the  jet  shear  layer,  the  flame  surface  fluc¬ 
tuates  about  its  stationary  (reference)  position.  The  rms  value  of  the  flame-surface  fluctuation 
can  be  measured  from  the  line-OH  profiles.  This  nns  flame  fluctuation  is  denoted  by  L  which 
is  a  length  scale  corresponding  to  the  degree  of  the  flame/flow  interaction.  A  similar  approach 
was  employed  in  earlier  studies  to  determine  the  degree  of  flame/flow  interaction  (Chen  and 
Goss,  1989;  Chen  et  al.,  1989). 

The  probability  data,  as  discussed  in  the  previous  section,  indicated  that  at  the  critical 
liftoff  velocity,  the  methane  flame  has  a  higher  probability  of  displaying  holes  than  the  propane 
flame.  This  is  due  to  the  stronger  flame/flow  interaction  in  the  methane-flame  case.  However, 
the  thermal  time  scale-the  ratio  of  laminar  flame  thickness  and  laminar  flame  speed-for  the 
methane  and  propane  flames  is  approximately  the  same  (1/430  and  1/400  sec,  respectively). 
Therefore,  if  the  degree  of  flame/flow  interaction  is  the  same,  the  probability  of  displaying 
holes  or  local  extinction  should  be  the  same.  To  pursue  this  hypothesis,  the  probability  of 
observing  flamelets  and  holes  was  plotted  as  a  function  of  the  rms  flame  fluctuation,  L;  the 
results  ait  displayed  in  Fig.  1 1 . 

Data  for  the  propane  and  methane  flames  under  critical  liftoff  conditions,  both  attached 
and  lifted,  are  summarized  in  Fig.  1 1 .  In  addition,  data  for  methane  flames  in  operation  beyond 
the  flame-lifting  condition  and  having  jet  exit  velocities  of  40, 30,  and  60  m/s  art  included.  For 
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the  wide  range  of  flame  conditions  studied,  the  maximum  rms  flame  fluctuation  was  observed 
to  be  <  7  mm  for  the  flame  in  the  300-mm  downstream  range  (x/d  <  60).  Under  the  same  flame 
condition,  the  flame/flow  interaction  becomes  stronger  (L  becomes  larger)  as  the  downstream 
location  increases.  At  a  given  downstream  location,  the  flame/flow  interaction  becomes  stron¬ 
ger  with  increasing  jet  exit  velocity.  Therefore,  use  of  L  as  the  independent  variable  inherently 
includes  the  fuel-type,  fuel-velocity,  and  downstream-distance  dependence  of  the  flame/flow 
interaction.  Figure  11  indicates  that  the  probability  of  observing  flamelets  decreases  with  in¬ 
creasing  L,  while  the  probability  of  observing  holes  increases  with  increasing  L.  Indeed,  the 
probability  data  which  represent  a  wide  range  of  flame  conditions  fall  within  a  relatively  nar¬ 
row  band  when  plotted  in  this  manner. 

A  detailed  examination  of  Fig.  1 1  indicates  that  there  are  two  important  values  of  L 
with  which  the  statistical  properties  of  the  flame  behavior  change  dramatically.  The  first  is  the 
minimum  thermal  thickness,  measured  to  be  -  1  mm;  while  the  second  is  the  nozzle  diameter 
of  the  jet  (5  mm).  When  L  is  smaller  than  1  mm,  the  probability  of  observing  flamelets  and 
holes  is  constant,  1  and  0,  respectively.  This  implies  that  when  interaction  is  small  such  that  L 
remains  less  than  the  minimal  thermal  thickness,  the  flame  displays  thin-flamelet  behavior  and 
no  local  extinction  occurs.  When  L  is  larger  than  1  mm,  the  probability  of  observing  flamelets 
decreases  linearly,  while  that  of  observing  holes  increases  linearly.  When  the  value  of  L 
reaches  ~  5  mm,  the  probability  of  observing  holes  becomes  greater  than  that  of  observing 
flamelets. 

CONCLUSIONS 

Hydrocarbon  jet  diffusion  flames  under  liftoff  to  near-blowout  conditions  have  been 
characterized  using  joint  RMS/OH-PLIF  techniques.  The  shear-layer  zone  observed  by  the 
RMS  technique  and  the  flame  zone  revealed  by  line  and  planar  OH  imaging  display  many 
degrees  of  interaction.  As  a  result  three  types  of  OH  zones-- thin,  multiple,  and  thick-are 
observed.  In  addition,  local  flame  extinction  through  the  flame  surface  has  been  observed  and 
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may  be  governed  by  strong  convection,  dissipation,  strain,  and  heat-loss  mechanisms. 

The  statistical  description  of  various  types  of  OH  zones  under  a  wide  range  of  flow  con¬ 
ditions  has  been  given.  From  a  statistical  viewpoint,  the  following  conclusions  have  been 
drawn: 

•  For  both  the  methane  and  propane  flames,  the  thinnest  flamelets  observed  are  ~  1.0  mm. 
Near  the  flame  blowout  condition,  the  thermal  thickness  of  the  flame  base  may  be  as  large 
as  30  mm. 

•  Local  extinction  inside  a  thick  thermal  zone  and  small  pockets  of  combustion  located  out¬ 
side  the  main  flame  zone  are  observed  near  the  flame  base  when  the  flame  is  operated 
under  near-blowout  conditions. 

•  The  flame/flow  interaction  is  stronger  for  the  methane  than  for  the  propane  flame  under  the 
critical  liftoff  condition.  Consequently,  the  methane  flame  has  a  higher  probability  of  dis¬ 
playing  holes. 

•  Good  correlation  was  observed  between  the  rms  flame  fluctuation,  L,  and  the  probability  of 
displaying  holes  and  flamelets  for  the  methane  and  propane  flames.  The  statistical  analy¬ 
sis  indicates  that  when  the  value  of  L  approaches  the  nozzle  diameter,  the  probability  of  ob¬ 
serving  holes  in  the  flame  surface  is  higher  than  that  of  observing  flamelets.  If  the  interac¬ 
tion  is  small,  such  that  L  remains  less  than  1  mm  (the  minimal  thermal  thickness),  the 
flame  displays  thin-flamelet  behavior  and  no  local  extinction  occurs. 
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FIGURE  CAPTIONS 


Fig.  1.  Optical  arrangement  of  joint  RMS/OH-PLIF  systems. 

Fig.  2.  Image  of  penetration  of  vortex  through  surface  of  CH4  diffusion  flame  under  critical 
liftoff  condition;  flame  surface  is  marked  by  OH  fluorescence  and  jet,  by  Mie  scat¬ 
tering. 

Fig.  3.  (a)  First  type  of  flame  base  of  CH4  diffusion  flame  under  near-blowout  condition. 

(b)  Dissipation  map  of  OH  image  shown  in  (a). 

Fig.  4.  (a)  Second  type  of  flame  base  of  CH4  diffusion  flame  under  near-blowout  condition; 

local  extinction  found  inside  thick  thermal  zone. 

(b)  Dissipation  map  of  OH  image  shown  in  (a). 

Fig.  5.  (a)  Third  type  of  flame  base  of  CH4  diffusion  flame  under  near-blowout  condition; 

island  of  combusting  zone  located  away  from  main  thermal  zone. 

(b)  Dissipation  map  of  OH  image  shown  in  (a). 

Fig.  6.  Plot  of  probability  of  observing  flamelets,  thick  flame,  and  holes  for  attached  CH4 
flame  under  critical  liftoff  condition. 

Fig.  7.  Plot  of  probability  of  observing  flamelets,  thick  flame,  and  holes  for  lifted  CH4  flame 
under  critical  liftoff  condition. 

Fig.  8.  Plot  of  probability  of  observing  flamelets,  thick  flame,  and  holes  for  attached  C-jHg 
flame  under  critical  liftoff  condition. 

Fig.  9.  Plot  of  probability  of  observing  flamelets,  thick  flame,  and  holes  for  lifted  CjHg  flame 

under  critical  liftoff  condition. 

Fig.  10.  Plot  of  probability  of  observing  flamelets,  thick  flame,  and  holes  for  lifted  CH4  flame 
with  exit  velocity  of  40  m/s. 

Fig.  11.  Correlation  between  rms  flame  fluctuation,  L,  and  probability  of  observing  flamelets 
and  holes  for  wide  range  of  flame  conditions. 
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Figure  3 
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Figure  4 
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2.5  TWO-COLOR  PARTICLE-IMAGING  VELOCIMETRY 


A  novel  method  tor  determining  two-dimensional  velocity  flowfieids  has  been  devel¬ 
oped.  The  technique,  two-color  particle-imaging  velocimetry  (PIV),  is  similar  to  exist¬ 
ing  PIV  techniques  except  that  two  different-color  laser  sources  are  used  to  form  the 
light  sheets  required  for  exposing  the  position  of  the  particles.  A  green-colored  laser 
sheet  (formed  by  a  doubled  Nd:YAG  laser)  and  a  red-colored  laser  sheet  (formed  by  a 
Nd.YAG-pumped  dye  laser)  are  employed  sequentially  to  expose  the  particle  positions 
which  are  then  recorded  on  ordinary  35-mm  color  film.  Analysis  of  the  resulting 
images  consists  of  digitizing  the  exposed  film  with  color  filters  to  separate  the  green- 
and  red-particle  image  fields  and  processing  the  digitized  images  with  velocity- 
displacement  software.  The  two-color  PIV  technique  has  the  advantage  that  direction 
as  well  as  particle  displacement  is  uniquely  determined  because  the  green-particle 
image  occurs  before  the  red-particle  image  by  a  known  time  increment.  Development 
and  evaluation  of  the  two-color  PIV  technique  is  discussed  in  two  papers  entitled,  "A 
Novel  Technique  for  Blade-to-Blade  Velocity  Measurements  in  a  Turbine  Cascade," 
which  was  presented  at  the  AIAA/ASME/SAE/ASEE  25th  Joint  Propulsion  Conference 
(see  p.  153)  and  "Two-Color  Particle-Imaging  Velocimetry,"  which  was  presented  at 
the  1989  International  Conference  on  Applications  of  Lasers  and  Electro-Optics  (see 
p.  164). 
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Abstract 

A  novel  method  for  determining  two-dimensional 
velocity  flowfields  has  been  developed.  The  tech¬ 
nique,  two-color  particle-image  velocimetry  (PIV), 
is  similar  to  existing  PIV  techniques  except  that  two 
different-color  laser  sources  are  used  to  form  the 
light  sheets  required  for  exposing  the  position  of  the 
particles.  A  green-colored  laser  sheet  (formed  by  a 
doubled  Nd:YAG  laser)  and  a  red-colored  laser  sheet 
(formed  by  a  Nd:Y AG-pumped  dye  laser)  are 
employed  sequentially  to  expose  the  particle  positions 
which  are  then  recorded  by  ordinary  35-mm  color 
film.  Analysis  of  the  resulting  images  consists  of 
digitizing  the  exposed  film  with  color  filters  to  sepa¬ 
rate  the  green-  and  red-particle  image  fields  and 
processing  the  digitized  images  with  velocity  dis¬ 
placement  software.  The  two-color  PIV  technique 
has  the  advantage  that  direction,  as  well  as  particle 
displacement,  is  uniquely  determined  because  the 
green-panicle  image  occurs  before  the  red-panicle 
image  by  a  known  time  increment.  This  technique  is, 
thus,  applicable  to  complex  flowfields  (i.e.,  recircu¬ 
lating),  where  the  normal  180-deg.  directional  ambi¬ 
guity  of  single -color  techniques  can  be  troublesome. 
Velocity  measurements  utilizing  the  two-color  PIV 
technique  on  a  turbine -cascade  test  section  have  been 
made  and  are  discussed. 


Introduction 

The  most  common  approach  to  making  velocity 
measurements  in  a  flowfield  involves  the  use  of  a 
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laser  Doppler  velocimeter  (LDV).  An  LDV  func¬ 
tions  by  measuring  the  frequency  of  the  Doppler 
burst  created  as  a  small  particle  traverses  a  laser 
fringe  pattern.  The  frequency  of  the  burst  is  directly 
related  to  the  spacing  of  the  fringes  and  the  velocity 
of  the  particle.  Because  of  the  accuracy  of  this  form 
of  velocity  measurement  and  the  nonperturbing 
nature  of  the  technique,  LDV  methods  have  become 
an  important  tool  in  the  study  of  complex  flowfields. 
However,  the  restricted  measurement  area  limits 
LDV  techniques  to  point  measurements.  In  complex 
flows  (i.e.,  recirculating),  it  is  important  to  obtain  a 
two-dimensional  instantaneous  picture  of  the  entire 
flowfield  rathe,  than  a  time-averaged  pointwise  map. 
Several  techniques  have  been  reported  in  the  litera¬ 
ture  which  have  the  capability  to  determine  the  two- 
dimensional  flowfield.  These  techniques  can  be 
divided  into  three  categories:  particle-tracking 
schemes,18  time-of-flight  techniques,’-11  and  Laser 
Doppler  methods.1215  For  low-to-moderate  velocity 
flowfields,  particle-tracking  techniques  are  effective, 
offering  a  wide  velocity  range  and  allowing  a  two- 
dimensional  measurement  of  the  velocity  flowfield. 

Particle  tracking  or  particle  image  velocimetry 
(PIV)  is  basically  an  extension  of  speckle  photogra¬ 
phy  which  has  been  employed  extensively  in  solid 
mechanics.  The  PIV  technique  involves  1)  double 
pulsing  a  particle-laden  flowfield,  2)  recording  the 
scattered  light  either  by  conventional  photography  or 
holography,  and  3)  processing  the  photographs  to 
obtain  velocity  information.  While  the  first  two 
steps  are  relatively  simple  to  implement,  the  data 
analysis  is  typically  complex  and  requires  computer¬ 
ized  image  processing.  The  experimental  technique 
consists  of  seeding  the  air  flow  with  particles  0.2  to  5 
p.m  in  size  and  employing  a  high-peak-power  short- 
pulse  laser  (ruby,  Nd:YAG,  or  copper  vapor)  to 
form  a  laser  light  sheet.  The  Mie  scattering  from  the 
seed  particle  is  imaged  onto  a  conventional  or  elec¬ 
tronic  camera  for  recording.  For  the  range  of 
velocities  encountered  in  the  flowfield,  the  time  delay 
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is  chosen  such  that  a  maximum  displacement  of  -  l 
mm  is  observed. 

Two  different  approaches  have  been  taken  in 
analyzing  double-pulsed  panicle  images.  The  first  is 
an  optical-correlation  method  called  the  Young's 
fringe  technique.1  This  method  makes  use  of  an 
interrogation  laser  which  traverses  the  positive  film 
of  the  photograph.  If  the  double  exposures  are  suf¬ 
ficiently  close,  then  a  series  of  Young’s  fringes  will 
be  formed.  TTie  magnitude  of  the  velocity  is  pro¬ 
portional  to  the  separation  of  the  particle  images 
which,  in  turn,  is  inversely  proportional  to  the 
fringe-pattern  spacing;  the  direction  of  the  velocity  is 
perpendicular  to  the  fringe  orientation.  The  draw¬ 
backs  of  this  analysis  approach  are  the  180-deg. 
directional  ambiguity  associated  with  the  fringes  and 
the  extended  time  required  for  analysis.  Although 
phase-shifting  techniques  have  been  proposed  in  the 
literature  for  removing  the  directional  ambiguity, 
they  are  typically  difficult  to  implement  and  control 
accurately.5-7  The  second  analysis  approach  involves 
direct  computation  of  the  correlation  of  the  particle 
field  rather  than  optical  determination.  In  this 
approach  the  average  particle  displacement  is  deter¬ 
mined  by  constructing  a  correlation  map  or  his¬ 
togram  of  the  particle  field  from  which  the  most 
probable  displacement  vector  can  be  determined. 
Computationally,  histogram  correlation  techniques 
can  be  quite  fast;  however,  with  these  techniques  and 
also  with  single-color  PIV  images,  a  180-deg.  direc¬ 
tional  ambiguity  is  observed.  This  ambiguity  is 
removed  with  the  addition  of  color. 

This  paper  introduces  a  novel  two-color  PIV 
technique  designed  to  remove  directional  ambiguities 
and  allow  measurements  to  be  made  in  complex  flow 
systems  (i.e.,  turbine  cascades).  The  technique  con¬ 
sists  of  employing  small  particles  to  seed  a  gas 
stream  exiting  a  nozzle  or  passing  through  a  test  sec¬ 
tion.  A  laser  sheet  (green)  formed  by  passing  the 
output  from  a  doubled  Nd.YAG  laser  through  a 
cylindrical  lens  is  used  to  illuminate  the  seed  particles 
in  the  flowfield.  After  a  short  time  delay  (ranging 
from  a  few  microseconds  for  high-velocity  flow 
systems  to  milliseconds  for  low-velocity  flow  sys¬ 
tems),  a  second  laser  sheet  (red)  from  a  Nd:Y AG- 
pumped  dye  laser  is  pulsed  to  illuminate  the  flowfield 
a  second  time.  Any  particles  remaining  in  the  plane 
of  the  laser  sheets  produce  a  “displacement-vector” 
pair  which  is  made  up  of  a  green-  and  a  red-particle 
image.  The  Mie  scattering  from  the  seeded  particles 
is  recorded  on  100-400  ASA  color  film  which  is 
processed  by  direct  digitization.  The  unique  color 
coding  helps  to  remove  directional  ambiguities  asso¬ 
ciated  with  single-color  techniques  because  the  red 
image  appears  after  the  green  image. 

Although  this  is  a  conceptually  simple  technique, 
the  details  of  aligning  the  laser  sheets,  illuminating 
the  area  of  interest,  sequencing  the  firing  of  the 
lasers  at  a  selected  time  interval,  recording  the 
image  of  the  light  scattered  by  the  seed  particles, 


digitizing  the  captured  image,  and  processing  the 
green/red-particle-image  pairs  to  determine  velocity 
vectors  present  complex  and  challenging  problems. 
The  analysis  procedure  in  simplest  terms  consists  of 
identifying  "displacement-vector”  pairs  of  green  and 
red  dots.  This  is  accomplished  by  determining  the 
coordinates  of  the  green-  and  red-particle  images, 
finding  the  most  probable  vector  displacement 
between  pairs,  and  identifying  green/red  particle 
pairs  which  are  separated  by  the  most  probable  vec¬ 
tor  displacement  to  within  a  specified  percentage. 
Each  of  these  tasks  is  described  below. 


Theory  of  Particle-Tracking  Velocimetry 

As  mentioned  in  the  previous  section,  particle¬ 
tracking  methods  involve  1)  multiply  exposing  a  par¬ 
ticle-laden  flowfield  with  a  sheet  of  laser  light,  2) 
recording  the  Mie-scattered  light  either  by  conven¬ 
tional  photography  or  holography,  and  3)  processing 
the  photographs  to  obtain  velocity  information.  Each 
step  in  this  process  requires  careful  consideration  if 
the  technique  is  to  predict  two-dimensional  flowfields 
accurately. 

For  particle  imaging  the  exposure  resulting  from 
a  particle  in  a  laser  light  sheet  of  energy  W  and  area 
AyAz  is  given  by4 

e  =  — 4~-  -3K—  I  a2  d£i  (1) 

xk2di  Ay&z  Ja 

where  k  *  2it/X.  W  is  the  collection  angle  of  the  lens 
system,  <y  the  Mie-scattering  cross  section  of  the  par¬ 
ticle,  Xthe  wavelength  of  the  laser  light  sheet,  and  de 
the  nominal  image  diameter  given  by 

d«  »  (  m2  d£  +  d|  y  (2) 

where 

d,  =  2.44  (  m  +  1  )  f#  X  (3) 


with  m  being  the  magnification  of  the  image,  dp  the 
particle  diameter,  f#  the  ratio  of  the  focal  length  to 
the  lens  diameter,  and  X  the  wavelength  of  the  laser 
source.  The  "diffraction-limited"  blur  image  of  the 
lens  is  given  by  ds-  For  small  seed  particles  the  par¬ 
ticle  image  recorded  on  film  is  actually  the  blur 
image  and,  thus,  represents  a  lower  limit  to  the 
image  size-which  is  important  in  determining  the 
resolution  of  the  velocity  measurement. 

Adrian,4  has  calculated  the  Mie-scattering  con¬ 
tribution  to  Eq.  (1)  and  generated  the  family  of 
curves  for  normalized  exposure,  f#,  and  particle  size 
shown  in  Fig.  1.  Normalizing  the  exposure  to  the 
light-sheet  energy  density  allows  comparison  with 
experimental  conditions  other  than  those  reported  in 
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Fig.  1.  Nondimensional  exposure  (e)  as 
function  of  particle  size  (cp)  for 
various  f#  collection  optics. 

Ref.  4.  The  minimum  exposure  level  of  the  film  is 
given  by  the  inverse  of  the  ASA  speed  rating  in  erg / 
cm2.  For  100-ASA  film,  the  minimum  exposure 
corresponds  to  1  x  10  5  J/m2  In  order  to  compare 
this  value  with  the  family  of  curves  in  Fig.  1,  the 
exposure  must  be  normalized  to  the  energy  density  of 
the  laser  light  sheet.  Because  of  the  high  speeds  in 
the  test  chamber  of  these  studies,  a  combination  of  a 
Nd-.YAG  laser  (green  sheet)  and  a  Nd:Y AG-pumped 
dye  laser  (red  sheet)  was  employed.  Assuming  an 
energy  level  of  200  mJ/pulse  from  these  lasers  in  a 
10  cm  x  1  mm  sheet,  the  energy  density  available  is  ~ 
2000  J/m2.  With  the  minimum  exposure  or  fog  level 
for  100-ASA  film,  the  normalized  exposure,  e,  is  ~  5 
x  10-9.  Since  a  density  of  one  is  considered  to  be  an 
adequate  exposure  level,  the  optimum  exposure  (e) 
level  with  these  laser  systems  is  -5  x  10  8  Superim¬ 
posing  this  level  on  the  family  of  curves  generated  by 
Adrian  (see  Fig.  1)  indicates  that  submicron  particles 
can  be  captured  with  a  5.6  f#  lens. 

The  precision  of  particle-tracking  or  PIV  meth¬ 
ods  requires  determination  of  the  smallest  displace¬ 
ment  which  can  be  accurately  measured  by  the  film 
(resolving  power  of  the  film).  In  order  to  under¬ 
stand  the  resolving  capability  of  the  film,  one  must 
examine  the  modulated  transfer  function  (MTF) 
which  is  a  measure  of  the  ability  of  the  film  to 
rt  solve  accurately  line  pairs  separated  by  a  given 
stance.  The  function  is  defined  by 

MTF  =  iflux  '  jmin  (4) 

‘m*x  +  *min 

where  Imax  is  the  intensity  maximum  of  adjacent  line 
pairs  (or  particle  images)  and  Imin  the  minimum 
ntensity  between  the  line  pairs.  As  the  line  pairs  per 
millimeter  of  the  input  image  increases,  a  point  is 
reached  where  the  lines  are  no  longer  distinct  and 
overlapping  (cross-talk)  occurs.  For  example,  100- 
k/G  ASA  film  exhibits  an  MTF  value  which 


corresponds  to  a  resolution  of  300  line  pairs/mm. 
This  color  film  is,  thus,  capable  of  resolving  a  6-mm 
particle  separation.  However,  the  particle -image  size 
given  by  Eq.  (2)  represents  the  ultimate  limit  to  the 
velocity  resolution  since  no  two  particles  can  be 
resolved  closer  than  their  diameter.  The  recorded 
particle  diameter  for  an  f/8.4  lens  with  a  magnifica¬ 
tion  of  0.4  is  -  30  pm. 

Assuming  that  the  maximum  velocity  of  the  cas¬ 
cade  test  section  is  340  m/sec  and  that  a  spatial  reso¬ 
lution  of  l  mm  is  required,  the  time  separation 
between  sequential  pulses  would  be  -  3  psec.  The 
minimum  velocity  would  correspond  to  the  minimum 
particle  spacing,  -  30  pm,  divided  by  the  pulse  sepa¬ 
ration,  3  psec,  which  would  correspond  to  -  10 
m/sec  or  -  3%  of  the  full-scale  velocity  limit. 
Achievement  of  a  lower  minimum  velocity  with  a 
double-pulsed  system  would  require  a  longer  time 
separation  between  pulses,  which  would  result  in  a 
lower  spatial  resolution.  The  requirement  for  a  3- 
psec  separation  between  pulses  cannot  be  achieved 
with  a  single  double-pulsed  Nd:YAG  system.  The 
double-pulsed  Nd.YAG  laser  used  in  the  present 
study  has  a  minimum  separation  between  pulses  of  26 
psec,  with  a  maximum  of  -  250  psec.  Thus,  two 
separate  Nd:YAG  lasers  were  required  for  the  cas¬ 
cade  measurements. 

The  two-color  tTV  technique  utilizes  color  to 
remove  directional  ambiguities  and  reduce  tracking 
errors.  However,  because  the  Young's-fnnge  analy¬ 
sis  approach  cannot  distinguish  between  the  different 
color  particle  fields,  an  alternative  correlation- 
tracker  analysis  approach  was  developed.  The 
analysis  procedure  consists  of  1)  digitizing  the  color 
negative  with  a  CCD  array,  2)  determining  the  spa¬ 
tial  locations  of  the  digitized  particle  images,  3)  con¬ 
structing  a  correlation  map  from  which  the  most 
probable  displacement  vector  can  be  determined,  and 
4)  using  this  information  in  a  tracker  which  identifies 
green/red  particle-vector  pairs  from  the  digitized 
image. 


In  order  to  take  full  advantage  of  the  resolution 
available  with  the  color  film  on  which  images  are 
recorded,  an  enlarger  was  used  to  subdivide  the 
image  for  analysis.  The  position  of  the  enlarger  was 
controlled  with  an  automated  x,y,z  traversing 
mechanism  that  could  set  the  position  of  the  enlarger 
to  within  20  pm  in  any  direction.  Each  section  of  the 
enlarged  image  was  digitized  twice  using  a  CCD 
camera  system.  The  first  digitized  image  was  taken 
with  a  green  filter  to  identify  the  green-particle 
images,  and  the  second  digitized  image  was  taken 
with  a  red  filter  to  identify  the  red-particle  images. 
These  digitized  images  were  processed  in  an  identical 
manner  to  determine  the  coordinates  of  the  green  and 
red  particles. 
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A  typical  digitized  image  displays  peaks  associ¬ 
ated  with  the  particles  superimposed  on  a  slowly 
varying  background.  In  order  to  simplify  proce¬ 
dures  for  finding  the  coordinates  of  each  particle, 
components  of  the  background,  which  are  constant  or 
slowly  varying  over  the  scale  of  the  particle  size,  are 
removed  by  application  of  a  two-dimensional 
Laplacian  operator  to  the  digitized  image.  This 
operator  basically  acts  as  a  spatial-frequency  filter 
passing  high-frequency  (small- size)  components  of 
the  image  but  suppressing  low-frequency  (back¬ 
ground)  components.  The  particle  images  can  be 
further  enhanced  above  the  background  and  film 
noise  if  the  step  size  of  the  Laplacian  operator  is 
approximately  the  particle  size.  Next,  the  processed 
image  is  scanned  in  two  dimensions  for  local  max¬ 
ima,  and  a  series  of  tests  is  performed  to  identify 
those  local  maxima  which  correspond  to  particles.  In 
brief,  particles  are  identified  by  finding  local  max¬ 
ima  which  1)  are  above  a  threshold  value,  2)  do  not 
constitute  a  peak  shoulder,  3)  have  a  local  average 
intensity  above  a  threshold  value,  and  4)  have  an 
estimated  diameter  within  a  specified  range. 

The  four-step  process  is  briefly  described  here. 
The  first  step  involves  scanning  the  digitized  image 
(enhanced  by  the  Laplacian  operator)  with  an  8  x  8 
box.  The  maximum  value  of  the  pixel  intensity  in 
this  box  is  determined;  if  the  maximum  is  above  a 
preset  threshold  value,  it  is  selected  as  a  candidate 
peak.  In  the  second  step,  a  test  is  performed  to 
determine  whether  the  candidate  peak  is  a  shoulder 
or  secondary  peak  in  the  near  vicinity  of  a  larger 
peak  (some  particles  are  relatively  flat  topped,  hav¬ 
ing  two  or  three  local  maxima  of  which  only  the 
largest  is  desired).  If  the  peak  is  indeed  a  real  peak 
and  not  a  shoulder  of  an  adjacent  peak,  then  the  third 
step  is  implemented.  In  this  third  step,  the  intensities 
of  all  pixels  in  the  box  centered  on  the  candidate  peak 
are  averaged  and  compared  to  a  threshold  value. 
The  reason  for  calculating  the  average  intensity  value 
is  that  peaks  from  particles  are  typically  composed  of 
a  group  of  pixels  of  relatively  high  intensity. 
Although  background  noise  spikes  of  high  intensity 
may  satisfy  conditions  for  the  first  and  second  steps, 
they  are  not  accompanied  by  a  group  of  similarly 
intense  neighbors.  In  the  final  step,  a  weighted  aver¬ 
age  is  performed  using  the  intensities  and  coordinates 
of  the  box  centered  on  the  candidate  peak  to  deter¬ 
mine  the  "center  of  mass"  of  the  particle.  Starting 
from  the  "center  of  mass"  coordinates,  the  particle 
diameter  is  then  estimated  by  making  a  pixel  count  in 
four  outward  directions  (at  90-deg.  intervals)  to  the 
points  where  intensity  is  either  one-half  the  peak 
maximum  or  one-half  the  threshold  value.  If  the 
diameter  is  less  than  1  or  2  pixels,  the  peak  is  proba¬ 
bly  due  to  a  scratch  or  pinhole  flaw  in  the  negative. 
If  the  diameter  is  greater  than  16  pixels,  the  peak  is 
probably  an  object  in  the  test  section.  If  the  diameter 


is  in  the  3-  to  16-pixel  range,  the  candidate  peak  is 
selected  as  a  particle  peak. 

Figures  2  and  3  illustrate  a  digitized  segment  of  a 
double-pulsed  panicle  flowfield  and  the  panicle  cen¬ 
ters  determined  by  the  panicle-location  software, 
respectively. 

Determination  of  Most  Probable  Vector 
Displacement 

Methods  for  determining  the  most  probable  dis¬ 
placement  (correlation)  for  vector  pairs  in  a  section 
of  the  image  (beginning  with  the  simplest  and  mov¬ 
ing  to  the  most  mathematically  complex)  include:  1) 
vector  comparison,  2)  histograms,  and  3)  Fourier 
transforms.  Generally  speaking,  as  the  number  of 
panicles  in  a  digitized  image  increases,  the  simple 
methods  become  very  time  consuming.  Fo.  less  than 
50  green/red  pairs,  vector  comparison  is  simple  and 
relatively  fast.  For  more  than  50  green/red  pairs, 
histogram  techniques  require  less  computer  time  than 
the  vector-comparison  methods.  As  the  number  of 
green/red-panicle  pairs  increases,  the  Fourier  trans¬ 
form  approach  becomes  the  technique  of  choice. 

Vector  Comparison.  The  simplest  approach  to 
determining  the  most  probable  velocity  vector  in  a 
region  of  the  digitized  image  is  to  calculate  the 
velocity  vector  between  every  possible  combination 
of  green  and  red  images.  Each  of  the  vector  pairs  is 
put  into  a  probability  distribution  function  (pdf)  and 
the  peak  value  of  the  pdf  determined.  The  peak  of 
the  pdf  represents  the  vector  value  repeated  most 
often  and  is  the  most  probable  vector  displacement. 
In  performing  this  comparison,  it  is  advisable  that 
the  bin  size  of  the  velocity  pdf  be  -  5%  of  the  total 
width  which  allows  for  any  velocity  fluctuations 
which  may  have  occurred  in  the  digitized  region. 
This  method  is  ideally  suited  for  low  particle  density 
where  it  is  computationally  efficient.  Since  the  time 
for  analysis  scales  as  the  square  of  the  number  of 
particle  images,  high-density  particle  images  can  be 
quite  slow  to  process. 

Histograms.  The  histogram  approach  to  particle 
correlation  is  the  method  adopted  for  this  study  and, 
therefore,  will  be  discussed  in  detail.  The  cross 
correlation  between  the  green-  and  red-particle 
images  is  given  by 

c(U)-H  g(  x,  y )  r(  x-5,  y-y)  (5) 

*  y 

where  c(^,y)  is  the  two-dimensional  correlation  map, 
g(x,y)  the  digitized  green  image,  r(x,y)  the  digitized 
red  image,  and  the  limits  of  summation  are  over  the 
pixel  dimensions  of  the  digitized  image.  The  corre¬ 
lation  in  this  form  is  computationally  intensive  since 
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Fig.  2.  Digitized  segment  of  (wo-color  PJV  image 
obtained  with  green  filter. 


Fig.  3.  Particle  coordinates  determined  by  peak- 
locator  software  for  digitized  segment  of 
two-color  PIV  image  depicted  in  Fig  2. 


it  represents  a  double  summation  of  the  entire  dig i - 
tiz  '1  image.  In  the  histogram  approach  a  correlation 
histogram  map  is  constructed  from  the  green-  and 
red-particle  images;  the  maximum  of  these  images 
contains  the  most  probable  displacement  vector.  The 
method  is  displayed  schematically  in  Fig.  4.  The 
software  tor  this  analysis  functions  by  first  finding 
an  initial  panicle  image  in  the  green  digitized  image. 

Gre«n-Particle  Image  Red-ParUcle  Image 


I 


t 


Correlatica  Map 

Fig.  4.  Schematic  diagram  of  mapping  from  image 
to  correlation  space  for  two-color  PIV  tech¬ 
nique.  For  each  green  particle,  a  120  x  120 
area  of  red-panicle  image  centered  on  green- 
panicle  coordinates  is  summed  into  correla¬ 
tion  map. 

The  exact  location  of  the  green  panicle  is  determined 
and  used  for  mapping.  A  120  x  120  pixel  area  of  the 
red-particle  image  centered  about  the  green-particle 
coordinates  is  then  copied  into  a  histogram  map 
(correlation  space).  This  procedure  is  then  repeated 
for  all  the  green-panicle  images  and  their  associated 
surrounding  fields  in  the  red-panicle  images.  This 
process  is  represented  mathematically  by 

Hi  v  v  >  =  X  s(  *«•  yc )  r<  *c  -  T  -  yi  (6) 

n 

where  H ( £, . \|/ )  is  the  correlation  histogram.  g(\c.yc> 
the  center  coordinates  of  the  green-panicie  images. 
r(xc-^.yc-V)  re(*  particle  images  surrounding  the 
green  particle  being  mapped,  and  the  summation  is 
over  all  green-particle  images.  Because  the  double 
summation  of  Eq.  (5)  over  all  x  and  y  pixels  has  been 
replaced  with  a  single  summation  over  the  number  of 
green  particles,  Eq.  (6)  is  computationally  more 
efficient  and  results  in  a  cross-correlation  map. 

As  greenhed-particle  pairs  having  the  same 
velocity,  and  thus  displacement,  are  mapped  onto 
correlation  space,  peaks  are  built  up  on  this  map. 
The  maximum  of  this  map  corresponds  to  the  most 
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probable  displacement  from  the  center  coordinate, 
illustrated  in  Fig.  5(a).  If  only  a  single -color  image 
had  been  used  instead  of  a  two-color  image,  the 
resulting  correlation  map  would  have  been  symmet¬ 
ric  and  centered  about  a  large  self -correlation  peak  at 
the  center  of  the  map,  illustrated  in  Fig.  5(b).  This 
would  have  resulted  in  a  180-deg.  directional  ambi¬ 
guity  which  would  have  had  to  be  resolved  by  phase 


Center 


Fig.  5(a).  Correlation  map  of  two-color  PIV  double- 
pulsed  image.  Notice  absence  of  self¬ 
correlation  center  peak. 


Map 

Map 

Map 

2nd 

Center 

2nd 

Peak 

Peak 

Fig.  5(b).  Correlation  map  of  single-color  PIV 
double-pulsed  image.  Notice  self¬ 
correlation  peak  at  center  of  map  and 
symmetry  of  secondary  peaks. 


shifting  or  by  having  an  a  prion  knowledge  of  the 
flowfield.  Because  only  the  red-particle  images  were 
mapped  into  the  histogram  map  with  respect  to  the 
green,  neither  the  self-correlation  peak  nor  the  sym¬ 
metry  and  associated  180-deg.  directional  ambiguity 
is  observed.  Thus,  both  displacement  and  directional 
information  are  determined  from  the  histogram  map. 
The  analysis  software  determines  the  direction  and 
displacement  by  searching  for  the  maximum.  The 
displacement  is  then  determined  from  the  maximum 
to  the  center.  This  corresponds  to  the  most  likely 
velocity  and  direction  averaged  over  the  x,y  array 
which  was  examined.  To  determine  the  individual 
velocity  vectors,  a  tracker  must  be  employed.  The 
task  of  the  tracker  now,  however,  is  simplified 
because  the  average  velocity  and  direction  have  been 
determined,  thus  reducing  the  angles  and  displace¬ 
ments  over  which  it  must  track. 

The  drawback  of  all  correlation  techniques  is  the 
requirement  for  a  statistically  significant  number  of 
particle  pairs  for  determining  the  most  probable 
velocity  vector.  If  the  sampled  area  over  which  the 
correlator  is  used  for  analysis  contains  too  few  parti¬ 
cle  pairs,  then  the  resulting  correlation  can  be  erro¬ 
neous.  The  time  required  to  obtain  a  correlation 
histogram  on  a  384  x  576  pixel  array  is  -  30  sec. 
Normally,  the  digitized  384  x  576  image  is  subdi¬ 
vided  into  fourths  or  sixteenths,  depending  upon  the 
particle  density  and  the  variation  of  the  velocity  field 
over  which  correlation  maps  with  subsequent  track¬ 
ing  are  constructed.  The  tracker  which  follows  the 
correlation  is  extremely  fast,  -  10  sec.  The  correla¬ 
tion-histogram  technique  functions  best  for  images  in 
which  a  large  number  of  velocity  pairs  is  sampled. 

Fourier  Transforms.  The  Fourier  transform  is 
the  most  mathematically  rigorous  method  for  esti¬ 
mating  the  most  probable  vector  displacement.  The 
computational  burden  of  Eq.  (5)  can  be  reduced  by 
use  of  the  convolution  theorem  of  Fourier  trans¬ 
forms.  The  equivalent  cross  correlation  using 
Fourier  transforms  is  given  by 

c(  x,  y  )  =  DFT{  FT[  g(  x,  y  ))  FT[  r(  x,  y  )]  )  (7) 

where  IFT  denotes  the  inverse  Fourier  transform  and 
FT  the  Fourier  transform.  Thus,  the  cross  correla¬ 
tion  of  the  green  and  red  images  can  be  formed  by 
taking  the  inverse  Fourier  transform  of  the  product 
of  the  Fourier  transform  of  each  image.  Although 
this  process  involves  two  two-dimensional  Fourier 
transforms  and  one  two-dimensional  inverse  trans¬ 
form,  it  requires  less  time  than  the  full  correlation 
method  because  of  the  efficiency  of  Fast-Fourier- 
Transform  algorithms.  Since  the  cross  correlation 
determined  by  Eq.  (7)  is  independent  of  the  number 
of  particles  present  in  the  image,  the  computation 
time  is  the  same  for  sparse  and  for  densely  seeded 
flowfields.  The  histogram  approach,  however. 


6 


159 


is  dependent  upon  particle  density  and,  tor  the  densi¬ 
ties  recorded  in  the  experimental  test  section,  was 
computationally  more  efficient. 

Tracker-Matching  Green/Red  Pairs 

Once  the  coordinates  of  the  green-  and  red-particle 
images  have  been  determined  and  the  most  probable 
displacement  vector  calculated  fror  1  the  correlation 
histogram,  the  individual  velo<  ity  vectors  of 
green/red- particle  pairs  can  be  identified  in  a  rela¬ 
tively  short  time.  A  tracker  routine  was  developed 
to  permit  one  to  use  the  average  velocity  and  direc¬ 
tional  information  obtained  from  the  correlation  map 
and  find  green/red-particle  pairs  which  fit  this  value 
within  a  preset  uncertainty.  The  tracker  functions  by 
first  starting  from  each  green-particle  image,  adding 
the  most  probable  vector  displacement,  and  searching 
for  the  corresponding  red- particle  pair.  If  there  is  a 
red  particle  at  the  projected  coordinates,  then  a 
velocity  match  is  made  and  a  vector  drawn.  If  no 
red  particle  is  found  at  these  coordinates,  a  small 
"box”  is  opened  around  the  target  coordinates.  This 
“box”  is  expanded  incrementally  to  a  selected  per¬ 
centage  of  the  vector  length.  Figure  6  is  a  graphical 
representation  of  this  process.  The  number  and  size 


TWO-COLOR  TRACKER 


•  Green-Particle  image 
+  Red-Particle  Image 

Fig.  6.  Schematic  illustration  of  two-color  PIV 
tracker.  Most  probable  velocity  vector  is 
drawn  from  each  green-particle  image  (•)  to 
locate  corresponding  red-plarticle  image  (+). 
Case  (1)  depicts  exact  match.  Case  (2) 
depicts  match  obtained  with  first  uncertainty 
box.  Case  (3)  depicts  no  match.  Case  (4) 
depicts  matcn  obtained  with  second  uncer¬ 
tainty  box. 


of  increments  should  be  kept  relatively  small  (usually 
three  increments  or  less  with  a  maximum  size  of 
50%  of  the  vector  length  at  the  last  increment).  If 
the  number  and  size  of  increments  becomes  too 
large,  the  number  of  erroneous  matches  may  become 
large.  Generally,  good  results  are  obtained  with 
three  increments,  with  the  maximum  increment  being 
20%  of  the  vector  length.  The  tracker  portion  of  the 
analysis  is  very  efficient,  normally  requiring  <  30 
sec  on  a  full  384  x  576  digitized  image  for  process¬ 
ing.  The  combination  of  a  correlator  and  tracker  was 
found  to  be  the  most  efficient  and  effective  approach 
to  determining  velocity  vectors  in  the  two-color 
images  recorded  in  this  study. 


Experimental 

The  experimental  arrangement  for  two-color  PIV 
measurements  is  shown  in  Fig.  7.  Two  Nd:YAG 
lasers  are  used  in  forming  the  different-color  light 
sheets  for  exposing  the  position  of  the  particles  in  the 
seeded  flowfield.  The  green-laser-light  sheet  is 
formed  from  the  doubled  output  of  a  Nd:YAG  laser 
(Quanta-Ray  DCR  1A)  at  532  nm  (this  laser  is  capa¬ 
ble  of  a  single  pulse  in  excess  of  200  mJ).  The  sec¬ 
ond  laser  employed  for  the  red-laser-light  sheet  is  a 
broadband  dye  laser.  The  frequency-doubled  output 
of  a  Nd.YAG  laser  (Quanta-Ray  DCR  3A)  is  used  to 
pump  a  dye  laser  consisting  of  an  oscillator/ampli- 
fier  combination  which  operates  in  a  broadband 
mode  for  maximum  conversion  efficiency  and  output 
power.  The  dye  laser  is  capable  of  over  100  mJ / 
pulse  at  607  nm.  The  outputs  from  both  the  dye  and 
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Fig.  7.  Schematic  of  experimental  arrangement  for 
two-color  PIV  technique  on  turbine-cascade 
test  section.  Both  a  Nd:YAG  and  a  Nd.YAG 
pumped  dye  laser  are  employed  for  sheet 
lighting  the  test  section.  Forward  and  back¬ 
ward  light  sheets  are  used  to  expose  the  test 
section. 
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Nd:YAG  lasers  are  combined  by  a  dichroic  miTor. 
split  into  two  equal  parts  by  a  beamsplitter,  and 
directed  into  sheet-forming  optics.  These  optics 
consist  of  a  cylindrical  lens  which  spreads  the  laser 
beams  two  dimensionally  and  a  plano-convex  lens 
which  controls  the  beam  waist  of  the  laser  sheets. 
Two  separate  laser  sheets  of  nearly  equal  intensity 
are  required  for  lighting  the  turbine-cascade  test  sec¬ 
tion  because  of  the  limited  optical  access.  The  laser 
sheets  are  -10  cm  in  height  and  1  mm  in  thickness  in 
the  test  section. 

Synchronization  of  the  two  laser  systems  pre¬ 
sented  a  special  problem  because  of  the  difference  m 
repetition  rates  between  the  two  Nd:YAG  laser  sys¬ 
tems  (10  and  20  Hz).  In  the  present  setup  the  lamp 
output  from  the  20-Hz  DCR  3  (dye)  laser  is  fre¬ 
quency  halved  by  a  divided-by-two  circuit  and  used 
to  fire  the  flashlamps  of  the  DCR  1  laser  at  10-Hz. 
The  internal  Q-switch  circuitry  of  the  DCR  1  laser  is 
used  to  control  the  actual  lasing  of  the  10  Hz  laser. 
The  Q-switch  output  from  the  DCR  1  is  delayed  by  a 
pulse  generator  and  feed  into  the  Q-switch  input  of 
the  DCR  3,  thus  firing  the  laser  Q-switch  at  a  fixed 
time  delay  after  the  DCR  1 .  This  time  delay  is  nor¬ 
mally  set  to  5  psec  ±  20  nsec.  With  this  electronic 
arrangement,  the  DCR  3  laser  discharges  its  flash- 
lamps  at  a  20-Hz  rate  but  fires  its  Q-switch  at  a  10- 
Hz  rate. 

A  Nikon  35-mm-format  camera  was  used  to 
record  the  Mie  scattering  from  the  seeded  flowfield. 
A  macro  zoom  lens  operating  at  an  f/8.4  aperture 
and  a  shutter  speed  of  0.125  sec.  was  employed  for 
the  images  reported  in  this  study.  This  lens-aperture 
combination  resulted  in  a  magnification  factor  of 
0.39.  The  shutter  speed  ensured  that  at  least  one 
double-pulse  exposure  would  be  obtained  for  every 
shutter  opening,  reducing  the  need  for  camera  syn¬ 
chronization  electronics.  If  the  flowfield  emits  a 
background  light  which  will  not  allow  the  use  of  a 
low-speed  shutter  (i.e.,  a  sooty  flame  or  hot  test 
section),  then  a  high-speed  shutter  which  can  be  syn¬ 
chronized  to  the  laser  firing  must  be  employed. 
Color  film  of  100  -  400  ASA  was  used  to  record  the 
two-color  PIV  images;  the  film  was  processed  com¬ 
mercially. 

The  color  film  was  digitized  using  the  setup 
shown  in  Fig  8.  A  film  projector  was  used  to 
enlarge  a  section  of  the  film  onto  a  384  x  576 
Thompson  CCD  array  camera  (Photometries,  Ltd.) 
which  digitized  and  stored  the  information  for  later 
analysis.  Each  section  of  the  film  was  digitized 
twice-once  with  a  green-color  filter  and  then  with  a 
red-color  filter.  The  digitized  film  sections  typically 
covered  a  1.5  cm2  area  of  the  recorded  image.  This 
corresponded  to  a  pixel  resolution  of  -  20  pm  which 
was  considered  to  be  adequate  for  capturing  the  par¬ 
ticle  images.  The  35-mm  film  was  typically  divided 
into  36  segments  for  digitization;  these  were  stored 
on  magnetic  tape  for  analysis. 


Fig.  8.  Schematic  of  digitization  system  for  two- 
color  PIV  images. 

The  turbine-cascade  test  section  (Fig.  9)  consisted 
of  four  aluminum  airfoils  representative  of  the  high- 
pressure-turbine,  first-stage-nozzle  guide-vane  row 
of  commercial  transport  engines.  The  vanes  were 
one-half  engine  scale,  having  a  chord  of  3.66  cm  and 
a  span  of  2.54  cm.  Design  turning  was  72-deg.  and 
the  pitch  spacing  was  2.54  cm.  Seeded,  dry-air  flow 
entered  the  cascade  from  a  rectangular  channel  which 
was  28  cm  in  length  and  had  a  cross  section  of  23 
cm2.  The  total  throat  area  of  the  cascade  was  -  5 
cm2.  Each  passage  throat  area  was  1.61  cm2.  The 
cascade  was  operated  at  an  inlet  total-to-exit  static 
pressure  ratio  of  2.15.  Flow  conditioning  was  pro¬ 
vided  upstream  of  the  inlet  channel  by  a  large  stag¬ 
nation  plenum  containing  screening  and  honeycomb 
flow  straighteners.  Access  for  the  laser  light  sheets 
was  provided  by  constructing  one  wall  of  the  inlet 
channel  and  one  of  the  exit  tailboards  of  Plexiglas. 
Photographing  the  center  passage  of  the  cascade  was 
done  through  a  Plexiglas  sidewall. 

Results  and  Discussion 


Analysis  of  the  two-color  PIV  images  was  dis¬ 
cussed  in  the  theoretical  section,  and  only  a  brief 
review  will  given  here.  The  color  negative  is  first 
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Fig.  9.  Experimental  turbine-cascade  test  section 
employed  for  high-speed-flow  studies. 
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divided  into  36  sections  which  are  digitized  twice  to 
distinguish  color.  Each  green/red  digitized  section  is 
then  analyzed  separately.  The  initial  step  of  this  anal¬ 
ysis  is  to  locate  the  center  coordinates  of  the  green- 
and  red-particle  images.  Second,  the  digitized  section 
t384  x  576)  is  subdivided  into  four  or  sixteen  seg¬ 
ments  depending  upon  the  particle  density  and 
velocity  variation  from  which  correlation  histograms 
are  constructed  for  each  segment.  The  final  step  in 
the  analysis  involves  a  panicle  tracker  which  uses  the 
most  probable  displacement  vectors  determined  from 
the  correlation  histogram  of  each  segment  to  find 
green/red -particle  velocity  pairs.  The  reduced 
velocity  vectors  are  then  stored  for  statistical  analysis 
and  graphics  display. 

A  two-color  PIV  image  which  was  taken  on  the 
turbine-cascade  test  section  is  shown  in  Fig.  10.  A  5- 
psec  time  separation  between  the  green  and  red  laser 
sheets  was  used  for  this  photograph.  The  air  flow  is 
from  left  to  right  in  the  photograph.  The  seed 
employed  in  this  study  was  plasma-produced  alu¬ 
mina  (Zyp  Coatings,  Inc.)  consisting  of  5-pm  hollow 
microballoons  with  an  effective  aerodynamic  drag  of 


Fig.  10  Two-color  PIV  image  obtained  in  turbine 
cascade  test  section.  Time  delay  between 
laser  pulses  of  5  psec  was  employed  tor 
photograph. 


Fig.  1 1.  Processed  velocity-vector  map  for  turbine 
cascade. 


less  than  1  pm.  The  hollow  microballoons  were 
chosen  for  this  study  to  maximize  particle  visibility 
without  sacrificing  aerodynamic  response.  The  seed 
is  injected  into  the  settling  chamber  just  prior  to 
exiting  the  test  section.  The  air  flow  in  this  case  is 
-  80  m/sec  upon  exiting  the  settling  chamber. 

The  processed  two-color  PIV  vectors  for  the 
photograph  shown  in  Fig  10  are  displayed  in  Fig.  11. 
The  length  of  the  vectors  depicted  in  this  plot  indi¬ 
cates  the  speed  of  the  air  How.  Analysis  of  the  two- 
color  PIV  image  indicates  that  the  air  entering  the 
turbine  test  section  was  flowing  at  a  rate  of  -  80  m/s. 
However,  as  the  air  entered  the  passages  between  the 
turbine  blades,  it  initially  slowed  to  -  60  m/s  and 
then  continuously  accelerated  to  -  340  m/s  at  the  tip 
of  the  blades.  The  acceleration  of  the  flow  near  the 
surface  of  the  blade  can  be  easily  visualized  in  this 
plot. 

In  order  to  achieve  consistent  and  reliable  results, 
it  was  desirable  to  focus  on  a  region  sufficiently 
small  that  the  velocity  would  be  essentially  constant, 
but  sufficiently  large  that  a  significant  number  of 
green/red  particle  pairs  would  be  present.  A  typical 


image  had  a  field  of  view  of -60x90  mm.  This 
view  were  digitized  into  regions  of  -  10  x  15  mm 
which  was  further  divided  into  fourths  or  sixteenths, 
depending  upon  the  particle  density  and  variation  in 
velocity  field.  The  subdivision  of  the  sections  into 
sixteenth  regions  was  especially  important  in  the 
areas  near  the  blades  where  the  velocity  was 
accelerating  rapidly.  Even  though  the  two-color  PI V 
technique  allows  determination  of  speed  and  direc¬ 
tion  with  only  one  green/red-particle  pair,  statisti¬ 
cally  it  is  desirable  to  have  a  minimum  of  ten  pairs. 


Summary 

In  summary,  the  two-color  PIV  technique  consists 
of  1)  acquiring  an  image  of  green/red  particle 
positions,  2)  separating  the  green  from  the  red 
particles,  3)  finding  the  coordinates  of  the  panicles, 
4)  determining  the  most  probable  vector  dis¬ 
placement  for  green/red  pairs,  and  5)  matching 
green/red  pairs  which  are  within  a  specified 
percentage  of  the  most  probable  vector  displacement. 
The  two-color  PIV  technique  has  the  advantage  that 
direction  as  well  as  particle  displacement  is  uniquely 
determined  because  the  green-panicle  image  occurs 
before  the  red  one  by  a  known  time  increment.  The 
technique  is,  thus,  applicable  to  complex  flowfields 
(i.e.,  recirculating),  where  the  normal  180-deg. 
directional  ambiguity  of  single-color  techniques  can 
be  troublesome.  Velocity  measurements  using  the 
two-color  PIV  technique  in  a  turbine-vane  cascade 
test  facility  indicated  that  the  large  changes  in 
direction  and  flow  speed  associated  with  these 
flowfields  can  be  tracked  by  this  technique. 
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Abstract 

A  novel  method  for  determining  two-dimensional  velocity  flowfields  has  been  devel¬ 
oped.  The  technique,  two-color  particle-image  velocimetry  (PIV),  is  similar  to  existing 
PIV  techniques  except  that  two  different-color  laser  sources  are  used  to  form  the  light 
sheets  required  for  exposing  the  position  of  particles  in  a  seeded  flowfieid.  A  green- 
colored  laser  sheet  (formed  by  a  doubled  Nd.YAG  laser)  and  a  red-colored  laser  sheet 
(formed  by  a  Nd:YAG-pumped  dye  laser)  are  employed  sequentially  to  expose  the 
particle  positions  which  are  recorded  on  35-mm  color  film.  Analysis  of  the  resulting 
images  involves  digitizing  the  exposed  film  with  color  filters  to  separate  the  green-  and 
red-particle  image  fields  and  processing  the  digitized  images  with  velocity- 
displacement  software.  The  two-color  PIV  technique  has  the  advantage  that  direction, 
as  well  as  particle  displacement,  is  uniquely  determined  because  the  green-particle 
image  occurs  before  the  red  one  by  a  known  time  increment.  Velocity  measurements 
utilizing  the  two-color  PIV  technique  on  a  propane  jet  diffusion  flame  have  been  made 
and  are  discussed. 


introduction 

In  complex  flowfields  (i.e.,  recirculating  flows),  it  is  important  to  obtain  an  instanta¬ 
neous  two-dimensional  picture  of  the  entire  flowfieid  rather  than  a  time-averaged 
pointwise  map.  Several  techniques  have  been  reported  in  the  literature  which  have 
the  capability  to  determine  the  two-dimensional  velocity  of  a  flowfieid.  These  tech¬ 
niques  can  be  divided  into  three  categories:  particle-tracking  schemes,1'8  time-of-ftight 
techniques, 9-11  and  Laser  Doppler  methods.12'15  For  low-to-moderate  velocity  flow- 
fields,  particle-tracking  techniques  are  efficient,  offering  a  wide  velocity  range  and 
allowing  a  two-dimensional  measurement  of  the  velocity  flowfieid.  Particle  tracking  or 
particle-image  velocimetry  (PIV)  is  basically  an  extension  of  speckle  photography 
which  has  been  employed  extensively  in  solid  mechanics.  The  PIV  technique  consists 
of  l)  double  pulsing  a  particle-laden  flowfieid,  2)  recording  the  scattered  light  either  by 
conventional  photography  or  holography,  and  3)  processing  the  photographs  to  obtain 
velocity  information.  While  the  first  two  steps  are  relatively  simple  to  implement,  the 
data  analysis  is  typically  complex  and  requires  computerized  image  processing. 

This  paper  introduces  a  novel  two-color  PIV  technique  designed  to  remove  direc¬ 
tional  ambiguities,  allowing  measurements  to  be  made  in  complex  flow  systems.  The 
technique  consists  of  employing  small  particles  to  seed  a  gas  stream  exiting  a  nozzle 
or  passing  through  a  test  section.  A  laser  sheet  (green),  formed  by  passing  the  output 
from  a  doubled  Nd:YAG  laser  through  a  cylindrical  lens,  is  used  to  illuminate  the  seed 
particles  in  the  flowfieid.  After  a  short  selected  time  interval  (ranging  from  a  few 
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microseconds  for  high-velocity  flow  systems  to  milliseconds  for  low-velocity  flow  sys¬ 
tems),  a  second  laser  sheet  (red)  from  a  Nd:Y AG-pumped  dye  laser  is  pulsed  to  illumi¬ 
nate  the  flowfield  a  second  time.  Any  particles  remaining  in  the  plane  of  the  laser 
sheets  produce  a  “displacement-vector"  pair  comprised  of  a  green-  and  a  red-particle 
image.  The  Mie  scattering  from  the  seeded  particles  is  recorded  on  100-400  ASA 
color  film  and  processed  by  direct  digitization.  The  unique  color  coding  helps  to 
remove  directional  ambiguities  associated  with  single-color  techniques  because  the 
red  image  occurs  after  the  green  one. 

Image  Analysis 

The  two-color  PIV  technique  utilizes  color  to  remove  directional  ambiguities  and 
reduce  tracking  errors.  However,  because  the  standard  Young's-fringe1  analysis 
approach  cannot  distinguish  between  the  different-color  particle  fields,  an  alternative 
correlation-tracker  analysis  approach  was  developed.  The  analysis  procedure  con¬ 
sists  of  1)  digitizing  the  color  negative  with  a  CCD  array,  2)  determining  the  spatial 
locations  of  the  digitized  particle  images,  3)  constructing  a  correlation  map  from  which 
the  most  probable  displacement  vector  can  be  determined,  and  4)  utilizing  this  infor¬ 
mation  in  a  tracker  which  identifies  green/red-particle  vector  pairs  from  the  digitized 
image. 

Determination  of  Particle  Coordinates 

In  order  to  take  full  advantage  of  the  resolution  available  with  the  color  film  on  which 
images  were  recorded  (~  300  line  pairs/mm),  an  enlarger  was  employed  to  subdivide 
the  image  for  analysis.  An  automated  x,y,z  traversing  mechanism  was  used  to  set  the 
position  of  the  enlarger  to  within  20  urn  in  any  direction.  Each  section  of  the  enlarged 
image  was  digitized  twice  using  a  CCD  camera  system.  The  first  digitized  image  was 
taken  with  a  green  filter  for  identifying  the  green-particle  images  and  the  second  with  a 
red  filter  for  identifying  the  red-particle  images.  These  digitized  images  were  proc¬ 
essed  in  an  identical  manner  to  determine  the  coordinates  of  the  green  and  red  parti¬ 
cles. 

A  typical  digitized  image  displays  peaks  associated  with  the  particles  superimposed 
on  a  slowly  varying  background.  In  order  to  simplify  the  procedures  for  determining  the 
coordinates  of  each  particle,  components  of  the  background  which  are  constant  or 
slowly  varying  over  the  scale  of  the  particle  size  are  removed  by  applying  a  two- 
dimensional  Laplacian  operator  to  the  digitized  image.  This  Laplacian  operator  basic¬ 
ally  acts  as  a  spatial-frequency  filter,  passing  high-frequency  (small-size)  components 
of  the  image  but  suppressing  low-frequency  (background)  components.  The  particle 
images  can  be  further  enhanced  above  the  background  and  film  noise  if  the  step  size 
of  the  Laplacian  operator  is  approximately  the  particle  size.  Next,  the  processed  image 
is  scanned  in  two  dimensions  for  local  maxima,  and  a  series  of  tests  is  performed  to 
identify  those  local  maxima  which  correspond  to  particles.  In  brief,  particles  are  identi¬ 
fied  by  finding  local  maxima  which  1)  are  above  a  threshold  value,  2)  do  not  constitute 
a  shoulder,  3)  have  a  local  average  intensity  above  a  threshold  value,  and  4)  have  an 
estimated  diameter  within  a  specified  range. 
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Several  methods  have  been  used  to  determine  the  most  probable  displacement 
(correlation)  for  vector  pairs  in  a  section  of  the  image.  Beginning  with  the  simplest  and 
moving  to  the  most  mathematically  complex,  these  include  1)  vector  comparison,  2) 
histograms,  and  3)  Fourier  transforms.  The  histogram  (correlation-map)  approach  to 
particle  correlation  was  found  to  be  computationally  efficient;  therefore,  this  method 
was  chosen  for  the  present  study  and  will  be  discussed  in  detail  here.  The  cross  cor¬ 
relation  between  the  green-  and  red-particle  images  is  given  by 

c(t¥)  =  S  £  g(x,  y)r(x-4,  y-y)  (1) 

*  y 

where  c(4,v)  represents  the  two-dimensional  correlation  map,  g(x,y)  the  digitized 
green  image,  r(x  -  4,  y  -  y)  the  digitized  red  image,  and  the  limits  of  summation  are  over 
the  pixel  dimensions  of  the  digitized  image.  The  correlation  in  this  form  is  computa¬ 
tionally  intensive  since  it  represents  a  double  summation  of  the  entire  digitized  image. 
In  the  histogram  approach,  a  correlation-histogram  map  is  constructed  from  the  green- 
and  red-particle  images;  the  maximum  of  this  map  contains  the  most  probable  dis¬ 
placement  vector.  The  method  is  displayed  schematically  in  Fig.  1 .  The  software  for 
this  analysis  functions  by  first  finding  an  initial  particle  image  in  the  green  digitized 
image.  The  exact  location  of  the  green  particle  is  determined  and  used  for  mapping.  A 
120  x  120  pixel  area  of  the  red-particle  image  centered  about  the  green-particle  coor¬ 
dinates  is  then  summed  into  a  histogram  map  (correlation  space).  This  procedure  is 
repeated  for  all  the  green-particle  images  and  their  associated  surrounding  fields  in 
the  red-particle  images.  This  process  is  represented  mathematically  by 

H(  4.  V )  =  X  s(  Xc.  yc )  r(  Xc  -  4.  yc  -  ¥ )  (2) 

n 

where  H(4,y)  represents  the  correlation  histogram,  g(xc,  yc)  the  center  coordinates  of 
the  green-particle  images,  r(xc  -  4,  yc  -  y)  the  red-particle  images  surrounding  the 
green  particle  being  mapped,  and  the  summation  is  over  all  green-particle  images. 
Because  the  double  summation  of  Eq.  (1)  over  all  x  and  y  pixels  has  been  replaced 
with  a  single  summation  over  the  number  of  green  particles,  Eq.  (2)  is  computationally 
more  efficient  and  results  in  a  cross-correlation  map. 

As  green/red-particle  pairs  having  the  same  velocity-and  thus  displacement-are 
mapped  into  correlation  space,  peaks  are  built  up  on  the  map  surface.  The  maximum 
of  this  map  corresponds  to  the  most  probable  displacement  from  the  center  coordinate, 
illustrated  in  Fig.  2.  If  a  single-color  image  had  been  used  instead  of  a  two-color 
image,  the  resulting  correlation  map  would  have  been  symmetric  and  centered  about  a 
large  self-correlation  peak  at  the  center  of  the  map.  This  would  have  resulted  in  a  1 80- 
deg.  directional  ambiguity  which  would  have  had  to  be  resolved  by  phase  shifting  or  by 
having  an  a  priori  knowledge  of  the  flowfield.  Because  only  the  red-particle  images 
ware  mapped  into  the  histogram  with  respect  to  the  green,  neither  the  self-correlation 
peak  nor  the  symmetry  and  associated  180-deg.  directional  ambiguity  is  observed. 
Thus,  both  displacement  and  directional  information  are  determined  from  the  his¬ 
togram  map.  The  analysis  software  determines  the  direction  and  displacement  by 
searching  for  the  maximum.  The  displacement  is  then  determined  from  the  maximum 
to  the  center.  This  corresponds  to  the  most  likely  velocity  and  direction  averaged  over 
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the  x,y  array  which  was  examined.  To  determine  the  individual  velocity  vectors,  a 
tracker  must  be  employed.  The  task  of  the  tracker  is  simplified  because  the  average 
velocity  and  direction  have  been  determined,  thus  reducing  the  angles  and  displace¬ 
ments  over  which  it  must  search. 

Determination  of  Vector,  P.airs  (Tracker) 

Once  the  coordinates  of  the  green-  and  red-particle  images  have  been  determined 
and  the  most  probable  displacement  vector  calculated  from  the  correlation  histogram, 
the  individual  velocity  vectors  of  green/red-particle  pairs  can  be  identified  in  a  relatively 
short  time.  A  tracker  routine  was  developed  to  permit  one  to  use  the  average  velocity 
and  directional  information  obtained  from  the  correlation  map  to  find  green/red-particle 
pairs.  The  tracker  functions  by  first  starting  from  each  green-particle  image,  adding  the 
most  probable  vector  displacement,  and  searching  for  the  corresponding  red  particle. 
If  there  is  a  red  particle  at  the  projected  coordinates,  then  a  velocity  match  is  made  and 
a  vector  drawn.  If  no  red  particle  is  found  at  these  cooidinates,  a  small  window  is 
opened  around  the  target  coordinates.  This  window  is  expanded  incrementally  to  a 
predetermined  percentage  of  the  vector  length.  Figure  3  is  a  graphical  representation 
of  this  process.  If  the  number  and  size  of  the  window  increments  become  too  large,  the 
number  of  erroneous  matches  may  become  large.  Generally,  good  results  are 
obtained  with  three  window  increments,  the  maximum  increment  being  20%  of  the 
vector  length.  The  tracker  portion  of  the  analysis  is  very  efficient,  normally  requiring 
<  30  sec  to  process  a  full  384  x  576  digitized  image.  The  combination  of  a  correlator 
and  tracker  was  found  to  be  the  most  efficient  and  effective  approach  to  determining 
velocity  vectors  in  the  two-color  images  recorded  in  this  study. 

Experimental 

The  experimental  arrangement  for  two-color  PIV  measurements  is  shown  in  Fig.  4. 
Two  separate  Nd:YAG  lasers  are  used  in  forming  the  different-color  light  sheets  for 
exposing  the  position  of  the  particles  in  the  seeded  flowfield.  The  green  laser  light 
sheet  is  formed  from  the  doubled  output  of  a  Nd:YAG  laser  (Quanta-Ray  DCR  1A)  at 
532  nm.  This  laser  is  capable  of  a  single  pulse  in  excess  of  200  mJ.  The  second  laser 
employed  for  the  red-laser-light  sheet  is  a  broadband  dye  laser.  The  frequency- 
doubled  output  of  a  Nd:YAG  laser  (Quanta-Ray  DCR  3A)  is  used  to  pump  a  dye  laser 
consisting  of  an  oscillator-amplifier  combination  which  operates  in  a  broadband  mode 
for  maximum  conversion  efficiency  and  output  power.  The  dye  laser  is  capable  of  over 
100  mJ/pulse  at  607  nm.  The  outputs  from  both  the  dye  and  Nd:YAG  lasers  are  com¬ 
bined  by  a  dichroic  mirror  and  directed  into  sheet-forming  optics.  These  optics  consist 
of  a  cylindrical  lens  which  spreads  the  laser  beams  two  dimensionally  and  a  plano¬ 
convex  lens  which  controls  the  beam  waist  of  the  laser  sheets.  The  laser  sheet  in  the 
test  area  was  ~  10  cm  high  and  1  mm  thick. 

Synchronization  of  the  two  laser  systems  presented  a  special  problem  because  of 
the  different  repetition  rates  of  the  two  Nd:YAG  laser  systems  (10  and  20  Hz).  In  the 
present  setup  the  lamp  output  from  the  20-Hz  DCR  3  (dye)  laser  is  frequency-halved  by 
a  divided-by-two  circuit  and  used  to  fire  the  flashlamps  of  the  DCR  1  laser  at  10  Hz. 
The  internal  Q-switch  circuitry  of  the  DCR  1  laser  is  used  to  control  the  actual  lasing  of 
the  10-Hz  laser.  The  Q-switch  output  from  the  DCR  1  is  delayed  by  a  pulse  generator 
and  feed  into  the  Q-switch  input  of  the  DCR  3,  thus  firing  the  laser  Q-switch  at  a  fixed 
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time  delay  after  the  DCR  1 .  This  time  delay  is  normally  set  to  500  nsec  ±  20  nsec.  With 
this  electronic  arrangement,  the  DCR  3  laser  discharges  its  flashlamps  at  a  20-Hz  rate 
but  fires  its  Q-switch  at  a  10-Hz  rate. 

A  Nikon  35-mm-format  camera  was  used  to  record  the  Mie  scattering  from  the 
seeded  flowfield.  A  macro  zoom  lens  operating  at  an  f/8.4  aperture  was  employed  for 
the  images  reported  in  this  study.  This  lens-aperture  combination  resulted  in  a  magni¬ 
fication  factor  of  0.52.  To  reduce  the  contribution  of  the  soot  emission  of  the  flame,  a 
Uniblitz  high-speed  camera  shutter  operating  at  a  1 /500-sec.  exposure  was  employed. 
Synchronization  of  the  camera  shutter  with  the  laser  firing  was  controlled  by  custom 
built  timing  electronics.  Color  film  of  100-400  ASA  was  used  to  record  the  two-color 
PIV  images;  the  film  was  processed  commercially. 

The  color  film  was  digitized  by  a  384  x  576  Thompson  CCD  array  camera 
(Photometries,  Ltd.)  and  a  film  projector  was  used  to  enlarge  a  section  of  the  film  onto 
the  camera.  Each  section  of  the  film  was  digitized  twice-first  with  a  green-color  filter 
and  then  with  a  red-color  filter.  The  digitized  film  sections  typically  covered  a  1 .5  cm2 
area  of  the  recorded  image  (which  was  -  54  cm2).  This  corresponded  to  a  pixel  reso¬ 
lution  of  ~  20  urn  which  was  considered  to  be  adequate  for  capturing  the  particle 
images.  The  35-mm  film  was  generally  divided  into  36  segments  for  digitization;  these 
were  stored  on  magnetic  tape  for  analysis. 

The  experimental  arrangement  for  the  jet  diffusion  flame  consisted  of  a  22.5-mm- 
diam.  round  central  jet  surrounded  by  a  254-mm-diam.  annular  coflowing  air  jet  The 
velocity  of  the  central  fuel  jet  and  annular  air  was  ~  30  cm/sec.  The  fuel  used  in  this 
study  was  propane  diluted  with  50%-by-mass  nitrogen.  This  flame  has  been  studied 
experimentally  by  means  of  the  reactive  Mie  scattering  (RMS)  and  thin-filament- 
pyrometry  (TFP)  techniques  in  which  visualization  and  temperature  profiles,  respec¬ 
tively,  were  obtained;  these  profiles  were  compared  with  numerical  predictions  of 
Davis,  efa/.16’17  Experimental  as  well  as  numerical  evidence  indicates  that  the  low- 
velocity  propane  jet  is  unusual  in  that  a  stagnation  (weak-recirculation)  zone  is  estab¬ 
lished  approximately  two  diameters  downstream  of  the  nozzle.  This  stagnation  zone  is 
caused  by  the  high  density  of  propane  which  tends  to  overcome  the  weak  momentum 
of  the  fuel  jet,  eventually  stopping  the  upward  fuel  flow.  The  flame  develops  down¬ 
stream  from  the  stagnation  zone  due  to  the  acceleration  effects  of  buoyancy.  The  flow- 
field  is,  thus,  relatively  complex  and  provides  a  good  test  for  two-dimensional  velocity 
methods  which  can  distinguish  direction. 

A  500-nsec  time  separation  was  used  between  the  green-and  red-laser  sheets  for 
this  study.  If  a  maximum  velocity  in  the  flowfield  of  3  m/sec  is  assumed,  the  minimum 
spatial  resolution  at  this  velocity  is  ~  1.5  mm.  The  lowest  observable  velocity  is  deter¬ 
mined  by  the  minimum  detected  particle  separation  divided  by  the  time  separation 
between  laser  pulses.  For  the  collection  optics  and  film  used  in  this  study,  the  smallest 
detectable  particle  separation  was  ~  15  urn;  thus,  the  smallest  detectable  velocity  was 
~  0.03  m/sec.  The  seed,  alumina  of  ~  1  urn  nominal  size,  was  injected  into  both  the 
fuel  jet  and  coannular  air  jet  just  prior  to  exiting  the  tubes. 


Analysis  of  the  two-color  PIV  images  was  discussed  in  the  theoretical  section  and 
will  be  reviewed  here  only  briefly.  The  color  negative  is  first  divided  into  36  sections 
which  are  digitized  twice  to  distinguish  color.  Each  green/red  digitized  section  is  then 
analyzed  separately.  The  initial  step  of  this  analysis  involves  locating  the  center  coor¬ 
dinates  of  the  green-  and  red-particle  images.  Next,  the  digitized  section  (384  x  576)  is 
subdivided  into  four  or  sixteen  segments  (depending  upon  the  particle  density  and 
velocity  variation),  from  which  correlation  histograms  are  constructed.  The  final  step  in 
the  analysis  involves  a  particle  tracker  which  uses  the  most  probable  displacement 
vectors  determined  from  the  correlation  histogram  of  each  segment  to  find  green/red- 
particle  velocity  pairs.  The  reduced  velocity  vectors  are  then  stored  for  statistical 
analysis  and  graphic  display. 

In  order  to  achieve  consistent  and  reliable  results,  it  was  desirable  to  focus  on  a 
region  sufficiently  small  that  the  velocity  would  be  essentially  constant,  but  sufficiently 
large  that  a  significant  number  of  green/red-particle  pairs  would  be  present.  A  typical 
image  had  a  field  of  view  of  ~  60  x  90  mm.  This  view  was  digitized  into  -10x15  mm 
regions  which  were  further  divided  into  fourths  or  sixteenths,  depending  upon  the  par¬ 
ticle  density  and  variation  in  velocity  field.  The  subdivision  of  the  sections  into  sixteen 
regions  was  especially  important  in  areas  where  the  velocity  was  changing  rapidly. 
Although  the  two-color  PIV  technique  allows  determination  of  speed  and  direction  with 
only  one  green/red-particle  pair,  statistically  a  minimum  of  ten  pairs  is  desirable. 

The  processed  two-color  PIV  image  for  the  22.5-mm  propane  jet  is  shown  in  Fig.  5. 
The  initial  velocity  of  the  fuel  jet  was  -  30  cm/sec  at  the  nozzle  exit.  As  the  fuel  jet  pro¬ 
gressed  downstream,  its  velocity  decayed,  approaching  zero  at  -  1 .5  diameters  down¬ 
stream.  The  development  of  the  stagnation  zone  was  due  to  the  high  density  of  the 
propane  fuel  which  overcame  the  initial  momentum  of  the  fuel  jet.  Just  above  this  stag¬ 
nation  zone,  the  fuel  jet  accelerated  due  to  the  proximity  of  the  fast,  hot-burning  gases. 
Notice  that  these  hot  regions  displayed  a  velocity  which  was  much  higher  than  that  of 
the  cold  central  fuel  jet.  This  high  velocity  was  thought  to  be  due  to  the  buoyancy  effect 
which  accelerates  the  hot  (low-density)  combusting  gases.  The  gases  in  the  com¬ 
busting  areas  reach  a  velocity  of  -  3  m/sec.  Notice  that  the  cooler  outer  air  was 
entrained  into  the  flame  at  downstream  locations.  This  process  acted  to  mix  burning 
fuel  with  air  and,  thus,  sustain  combustion  at  downstream  locations. 

The  existence  of  the  stagnation  zone  and  flowfield  acceleration  due  to  buoyancy 
have  been  qualitatively  demonstrated  using  the  RMS  flow-visualization  technique  on 
this  jet  diffusion  flame.16  Numerical  results  of  Davis,  et  a/.,1617  have  confirmed  the 
importance  of  the  role  of  buoyancy  in  giving  this  flame  its  unique  character.  Future 
work  on  this  flame  will  be  directed  toward  obtaining  velocity  vorticity  in  this  flowfield. 

Summary 

In  summary,  the  two-color  PIV  technique  involves  1)  acquiring  an  image  of  green/ 
red  particle  positions,  2)  separating  the  green  particles  from  the  red  ones,  3)  finding  the 
coordinates  of  the  particles,  4)  determining  the  most  probable  vector  displacement  for 
green/red  pairs,  and  5)  matching  green/red  pairs  which  are  within  a  specified  percent¬ 
age  of  the  most  probable  vector  displacement.  The  two-color  PIV  technique  has  the 


advantage  that  direction,  as  well  as  particle  displacement,  is  uniquely  determined 
because  the  green-particle  image  occurs  before  the  red  one  by  a  known  time  incre¬ 
ment.  The  technique  is,  thus,  applicable  to  complex  flowfields  (i.e.,  recirculating), 
where  the  normal  180-deg.  directional  ambiguity  of  single-color  techniques  can  be 
troublesome.  Velocity  measurements  using  the  two-color  PIV  technique  on  a  propane 
jet  diffusion  flame  indicated  that  the  large  change  in  flow  speed  and  direction  associ¬ 
ated  with  these  flowfields  can  be  measured  by  this  technique. 
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Green-Particle  Image  K*<l-Rartlc:»  image 


Correlation  Map 


Fig.  1 .  Schematic  Diagram  of  Mapping  from  Image  to 
Correlation  Space  for  Two-Color  PIV  Technique. 
For  each  green  particle,  64  x  64  area  of  red- 
particle  image  centered  on  green-particle  coor¬ 
dinates  is  summed  into  correlation  map. 
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Map  Map 
Center  Peak 


Fig.  2.  Correlation  Map  of  Two-Color  PIV  Doutle-Pulsed  Image. 
Notice  absence  of  self-correlation  center  peak. 


•  Green-Particle  image 
+•  Red-Particle  image 

Fig.  3.  Schematic  illustration  of  Two-Color  PIV  Tracker. 
Most  probable  velocity  vector  is  drawn  from  each 
green-particle  image  (•)  to  locate  corresponding 
.  id-particle  image  (+).  Case  (1)  depicts  exact 
match;  Case  (2),  match  obtained  with  first  uncer¬ 
tainty  box;  Case  (3),  no  match;  Case  (4),  match 
obtained  with  second  uncertainty  box. 
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Fig.  4.  Schematic  Diagram  of  Experimental  Arrangement 
for  Two-Color  PIV  Technique  on  Propane  Jet  Diffu¬ 
sion  Flame.  Both  a  Nd:YAG  and  a  Nd:YAG-pumped 
dye  laser  are  employed  for  sheet  lighting  the  flame. 
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Fig.  5.  Processed  Velocity-Vector  Map 
of  Propane  Jet  Diffusion  Flame. 
Solid  line  in  flow  represents 
visible  flame  surface. 
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2.6  SPRAY-DIAGNOSTIC  DEVELOPMENT 


In  the  initial  stage  of  this  contractual  effort,  the  primary  instrument  for  performing  com¬ 
bustion  diagnostics  was  the  hardened  CARS  system.  This  system  has  continued  to  be 
proficient  in  allowing  combustion-temperature  information  to  be  obtained.  During  the 
course  of  this  contract,  the  capabilities  of  this  system  have  been  further  developed  and 
expanded  to  include  operation  within  a  droplet-laden,  liquid-fuel  spray-flame  environ¬ 
ment.  Experimental  studies  such  as  those  described  in  the  paper  entitled,  “Effect  of 
Droplet  Induced  Breakdown  on  CARS  Temperature  Measurements,”  which  was  pre¬ 
sented  at  the  1988  Fall  Meeting  of  the  Western  States  Section  of  the  Combustion  Insti¬ 
tute  (see  p.  176),  were  performed  for  extension  of  the  CARS  technique  to  spray-flame 
diagnostics. 

Early  attempts  at  obtaining  unambiguous  two-dimensional  velocity  information  led  to 
the  development  of  a  scanned-laser-velocimetry  technique  which  is  described,  along 
with  two  similar  techniques,  in  the  paper,  “Applications  of  Laser-Sheet-Lighting  Tech¬ 
niques  to  Multiple-Point  Velocity  Measurements  in  Mixing  Flows,"  which  was  pre¬ 
sented  at  the  International  Conference  on  Applications  of  Lasers  and  Electro  Optics 
‘86  (see  p.  186). 

The  acquisition  of  an  Aerometrics,  Inc.,  two-component  phase  Doppler  particle  ana¬ 
lyzer  (PDPA)*  greatly  expanded  the  available  diagnostic  techniques,  allowing  size 
and  velocity  measurements  to  be  made  in  a  liquid-spray  environment.  With  this 
instrument,  the  diameter  and/or  two-velocity  components  of  an  individual  droplet  can 
be  measured-even  in  very  dense  spray  environments.  During  the  initial  familiariza¬ 
tion  with  and  development  of  this  capability,  several  instrument  problems  were 
encountered  and  analyzed.  One  such  problem  involving  an  unstable  frequency- 
shifting  scheme  is  described  in  a  paper,  “Investigation  of  Velocity  and  Turbulence 
Intensity  Measurement  Limitations  of  the  Phase  Doppler  Particle  Analyzer,"  which  was 
presented  at  the  1988  Spring  Technical  Meeting  of  the  Central  States  Section  of  the 
Combustion  Institute  (see  p.  194). 


*W.  D.  Bachalo  and  M.  J.  Houser,  “Development  of  the  Phase/Doppler  Spray 
Analyzer  for  Liquid  Drop  Size  and  Velocity  Characterizations,"  AIAA  Paper  84-1199, 
Presented  at  the  20th  Joint  Propulsion  Conference,  Cincinnati,  Ohio,  1984. 


174 


The  study  of  spray  behavior  on  its  most  basic  level  (i.e.,  single-drop  reaction)  required 
the  development  of  several  pieces  of  specialized  test  equipment,  the  most  challenging 
being  a  source  of  individual  liquid  droplets.  The  Development  of  a  Water-Cooled 
Droplet-on-Demand  Generator,"  which  was  presented  at  the  Third  Annual  Conference 
on  Liquid  Atomization  and  Spray  Systems  (see  p.  201),  describes  the  successful  tech¬ 
nique  which  has  been  employed  during  the  course  of  droplet-diagnostic  applications. 

The  culmination  of  the  hardened-system  combustion-diagnostic  development  came 
with  the  integration  of  the  PDPA  into  the  hardened  CARS  system.  The  combined 
instrument  as  described  in  the  paper,  "An  Integrated  Spectroscopic-Interferometric 
Instrument  for  Spray  Combustion  Diagnostics,"  (see  p.  206)  provides  a  non-intrusive 
capability  with  which  to  measure  simultaneously  gas  temperature  and  velocity  as  well 
as  droplet  size  and  velocity  in  liquid-spray  flames. 
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Effect  of  droplet-induced  breakdown  on  CARS 
temperature  measurements 


Derek  Dunn-Rankin,  Gary  L.  Switzer,  Cindy  A.  Obringer,  and  Tom  A.  Jackson 


This  research  examines  the  potential  for  coherent  anti-Stokes  Raman  scattering  (CARS)  to  provide  reliable 
gas  temperature  measurements  in  the  presence  of  liquid  droplets.  The  droplets  cause  dielectric  breakdown 
by  focusing  the  CARS  laser  beams.  This  breakdown  produces  a  plasma  that  can  disrupt  or  obscure  the  CARS 
signal.  Specifically,  we  examine  the  influence  of  laser  induced  breakdown  on  the  CARS  signal,  and  we 
determine  the  importance  of  droplet  position  relative  to  the  CARS  focal  volume  and  droplet  concentration  on 
the  reliability  of  CARS  temperature  measurements  in  droplet-laden  flows.  In  addition,  we  propose  a  reliable 
data  reduction  procedure  to  minimize  the  disruptive  influence  of  laser  induced  breakdown  on  CARS 
temperatures. 


I.  Introduction 

A.  Background 

Proper  characterization  of  spray  combustion  flows 
requires  spatially  resolved  maps  of  droplet  size,  drop¬ 
let  velocity,  droplet  composition,  gas  velocity,  gas  spe¬ 
cies  concentration,  and  gas  temperature.  In  addition, 
it  is  important  to  determine  these  properties  without 
disturbing  the  flow  field.  Several  nonintrusive  optical 
diagnostic  techniques  have  been  designed  and  em¬ 
ployed  for  this  purpose  (Roquemore  et  al.,1).  For 
example,  McDonell  et  al.2  and  Mao  et  al.3  report  Phase 
Doppler  Particle  Analyzer  (PDPA)  measurements  of 
droplet  size,  droplet  velocity,  and  gas  velocity  in  a 
spray  flame.  Comparable  nonintrusive  temperature 
measurements  in  liquid  spray  flames  have  not  been 
reported.  Our  eventual  goal  is  to  provide  these  tem¬ 
perature  measurements,  in  addition  to  measurements 
of  the  flow  field  and  the  droplet  field,  by  combining 
CARS  thermometry  with  PDPA  interferometry.  To¬ 
ward  this  goal,  the  present  paper  concentrates  on  re¬ 
solving  difficulties  of  CARS  thermometry  in  droplet 
laden  flows. 

B.  CARS  in  Particle  Laden  Environments 

CARS  is  a  nonlinear  spectroscopic  technique  for 
measuring  the  energy  spectrum  from  an  ensemble  of 


D«rek  Dunn  Rankin  is  with  University  of  California,  Irvine,  De¬ 
partment  of  Mechanical  Engineering,  Irvine,  California  92717;  Gary 
L.  Switxer  ia  with  Systems  Research  Laboratories,  Dayton,  Ohio 
46440-3696,  the  other  authors  arc  with  AFWAL  Aero-Propulsion 
Laboratory,  Wright- Patterson  Air  Force  Base,  Ohio  46433-6563 
Received  13  December  1988 

0180  APPLIED  OPTICS  /  Vol  29,  No  21  /  20  July  1990 


molecules.  Through  quantum  mechanics,  the  energy 
spectrum  is  a  predictable  function  of  temperature. 
CARS  thermometry  determines  temperature  by  com¬ 
paring  the  measured  energy  spectrum  to  calculated 
spectra  using  temperature  as  the  fitting  parameter. 
Because  CARS  thermometry  relies  on  spectral  fitting, 
disruption  of  the  measured  energy  spectrum  by  scat¬ 
tered  light  has  potentially  serious  consequences  for  the 
accuracy  of  the  temperature  measurements.  Fortu¬ 
nately,  in  particle  laden  environments,  CARS  thermo¬ 
metry  has  significant  advantages  over  other  nonintru¬ 
sive  thermometric  techniques  such  as  Rayleigh 
scattering  or  spontaneous  Raman  scattering.  The 
CARS  signal  is  coherent  so  that  spatial  filtering  pre¬ 
vents  most  of  the  light  scattered  by  particles  from 
entering  the  detector.  In  addition,  CARS  is  an  inelas¬ 
tic  scattering  process,  and  consequently  the  signal  is 
spectrally  separated  from  the  pump  and  probe  laser 
beams.  Spectral  filtering  further  eliminates  particle- 
scattered  background  radiation.  Eckbreth  et  al* 
present  a  review  of  CARS  spectroscopy  and  further 
advantages  of  CARS  thermometry  in  hostile  measure¬ 
ment  environments. 

Utilizing  the  inherent  background  rejection  capabil¬ 
ity  of  CARS,  several  researchers  have  reported  nonin¬ 
trusive  temperature  measurements  in  combustion 
flows  with  solid  particles  present.  Eckbreth  and  Hall5 
have  demonstrated  reliable  temperature  measure¬ 
ments  in  sooting  flames.  Goss  and  Trump6  have  com¬ 
bined  a  laser  Doppler  anemometer  (LDA)  with  a 
CARS  system,  and  have  successfully  measured  tem¬ 
perature  with  titanium  dioxide  LDA  seed  particles  in 
the  flow.  These  efforts  have  shown  that  small  parti¬ 
cles  (<1  ^m)  do  not  significantly  affect  the  collection 
and  analysis  of  CARS  signals.  However,  Beiting,7 
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Lucht,8  Noda  et  al .,9  and  Switzer  et  al.10  (1989)  showed 
significant  dielectric  breakdown,  and  disruption  of 
CAES  signals  with  large  particles  (1-100  pm)  present. 
Taylor,11  using  relatively  low  laser  energy  intensity, 
did  not  have  breakdown  problems  during  collinear 
CARS  measurements  in  a  coal  gasifier.  Both  Beiting 
and  Lucht  demonstrated  qualitatively  that  breakdown 
can  be  minimized  by  reducing  laser  power,  but  they  did 
not  present  a  systematic  study  of  breakdown  during 
CARS  measurements. 

C.  Potential  Effects  of  Particle  Induced  Breakdown  on 
CARS  Signals 

Laser  energy  density  of  ~1012  W/cm2  at  a  wave¬ 
length  of  532  nm  causes  laser  induced  breakdown  of 
clean  air  at  standard  temperature  and  pressure.  For  a 
Gaussian  spatial  intensity  profile,  and  a  triangular 
temporal  profile,  this  energy  density  corresponds  to 
the  peak  intensity  in  a  200-mJ,  10-ns  laser  pulse  fo¬ 
cused  to  0.1 -mm  diam  beam  waist.  To  maximize  the 
CARS  signal,  most  researchers  operate  near  this 
threshold  energy  level.  However,  large  particles  in  the 
sample  volume  reduce  the  breakdown  threshold  ener¬ 
gy  by  1-2  orders  of  magnitude.  Consequently,  any 
large  particle  in  the  CARS  interaction  volume  will 
produce  a  breakdown. 

The  plasma  generated  by  laser  breakdown  affects 
the  CARS  signal  in  several  ways:  (1)  the  bright  plas¬ 
ma  discharge  produces  a  background  signal  that  ob¬ 
scures  the  CARS  signal;  (2)  the  nonresonant  CARS 
signal  generated  in  the  plasma  competes  with  the  reso¬ 
nant  CARS  signal,  making  analysis  of  the  spectrum 
difficult;  (3)  the  plasma  prevents  CARS  generation  by 
absorbing  laser  radiation.  Switzer  et  al.10  and  Lucht8 
reported  difficulties  with  (1)  and  (2),  Beiting7  reported 
difficulties  with  (2).  Although  (3)  has  been  reported 
in  high  density  plasmas,  it  has  not  been  significant  for 
plasmas  generated  during  CARS  measurements  in 
particle  laden  combustion  systems. 

The  present  work  examines  the  effect  of  droplet 
induced  laser  breakdown  on  CARS  temperature  mea¬ 
surements.  There  are  three  objectives  in  the  study: 
(1)  determine  the  influence  of  droplet  induced  break¬ 
down  on  the  CARS  spectrum,  and  how  that  influence 
affects  the  temperature  fit  of  the  experimental  spec¬ 
trum,  (2)  explore  software  tests  to  extract  valid  CARS 
temperature  measurements  from  spectra  affected  by 
breakdown  events,  and  (3)  determine  the  droplet  nuir  - 
ber  density  and  spatial  region  where  droplet  break¬ 
down  has  significant  effects. 

I.  Experiments 

A.  Experimental  Apparatus 

Figure  1  is  a  schematic  diagram  of  the  experimental 
apparatus.  The  apparatus  includes  a  CARS  system, 
droplet  generating  hardware  and  electronics,  an  imag¬ 
ing  system  to  visualize  droplets,  a  PIN  diode  to  record 
laser  induced  breakdown  (LIB),  and  a  propane  burner 
and  heat  pipe  to  supply  high  temperature  gas  to  the 
sample  volume. 


Fig.  1.  Schematic  diagram  of  the  experimental  apparatus:  re¬ 
transmitting  lens,  IL- imaging  lens,  /?£•  receiving  lens,  /'-neutral 
density  filter,  DP-dispersing  prism,  B£)-beam  dump,  P-periscope, 
SC-sample  collection  optics. 


( 1 )  CARS  System 

The  CARS  system  uses  the  second  harmonic  (532 
nm)  of  a  pulsed  Nd:YAG  laser  (Spectra-Physics  DCR- 
2)  as  its  primary  photon  source.  Part  of  the  532-nm 
light  pumps  a  Rhodamine  r90  dye  laser  oscillator  to 
generate  a  broadband  (150-cm-1)  Stokes  laser  beam 
peaked  at  607  nm.  The  peak  of  the  dye  laser  output  is 
concentration  tuned  to  probe  the  N2  Q-branch.  The 
remaining  532-nm  beam  is  split  into  a  pair  of  pump 
beams.  A  500-mm  focal  length  lens  combines  the  two 
pump  beams  and  the  one  Stokes  beam  in  an  interac¬ 
tion  volume  ~2  mm  long  and  500  nm  in  diameter.  The 
interaction  volume  was  measured  by  scanning  a  small 
nitrogen  gas  jet  near  the  beam  crossing,  and  recording 
the  variation  in  the  CARS  signal  amplitude.  Switzer 
and  Goss12  describe  this  nitrogen  jet  scanning  tech¬ 
nique.  Each  pump  beam  contains  ~47  mJ  of  energy, 
and  the  Stokes  beam  contains  ~30  mJ  of  energy.  As¬ 
suming  a  10-ns  laser  pulse,  and  uniform  spatial  and 
temporal  intensity,  these  energies  indicate  an  average 
intensity  of  6  X  109  W/cm2.  Dispersing  prisms  sepa¬ 
rate  the  CARS  signal  beam  from  the  pump  beams,  and 
focusing  optics  converge  the  CARS  energy  onto  the 
face  of  an  optical  fiber.  The  fiber  transmits  the  CARS 
signal  to  a  spectrometer.  A  Tracor  Northern  TN-1710 
D  ARSS  linear  array  detector  collects  the  spectrum  and 
passes  it  to  a  ModComp  computer  for  analysis.  Addi¬ 
tional  details  of  the  CARS  system  have  been  reported 
by  Switzer  and  Goss.12 

(2)  Droplet  Generators 

We  study  the  effect  of  laser  induced  breakdown  on 
CARS  measurements  using  three  droplet  sources:  a 
drop-on-demand  piezoelectric  generator,  a  pressure 
atomizer,  and  a  capillary  breakup  droplet  stream  gen¬ 
erator.  The  droplet  generators  mount  on  a  3-D  trans¬ 
lation  stage  to  place  droplets  or  spray  at  different 
positions  relative  to  the  CARS  focal  volume.  All  of  the 
measurements  use  water  as  the  droplet  fluid,  and  the 
droplets  travel  perpendicular  to  the  laser  beam  direc¬ 
tion. 

The  drop-on-demand  droplet  generator  consists  of  a 
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glass  nozzle  encased  in  a  cylindrical  piezoelectric  ele¬ 
ment.  The  generator  produces  droplets  (~65  pm  di¬ 
ameter)  when  the  piezoelectric  element  squeezes  fluid 
out  of  the  glass  nozzle.  A  high-voltage  pulser,  trig¬ 
gered  by  a  function  generator,  drives  the  piezoelectric 
element  with  ~75-^s,  50-V  pulses.  The  function  gen¬ 
erator  is  synchronized  to  the  10-Hz  laser  firing  to  en¬ 
sure  that  a  droplet  is  present  during  the  8-ns  Nd:YAG 
laser  pulse.  A  gravity-feed  reservoir  supplies  the  noz¬ 
zle  with  liquid.  The  droplet  generator  can  be  a  stable 
source  of  mono-sized  droplets  at,  frequencies  from  10- 
500  Hz,  but  we  had  difficulty  with  its  reliability.  We 
used  this  droplet  generator  only  for  room  temperature 
experiments  because  it  did  not  perform  adequately  at 
high  temperature. 

The  pressure  atomizer  is  a  Delavan,  45°,  0.5-gal/h 
nozzle.  We  operated  this  nozzle  at  three  pressures  (30 
psi,  40  psi,  and  50  psi)  to  produce  different  droplet  size 
distributions  and  number  densities.  A.n  Aerometrics 
phase  Doppler  particle  analyzer  measured  the  droplet 
size  and  number  density.  The  Sauter  mean  diameter 
(D32)  for  the  droplet  size  distributions  using  30-,  40-, 
and  50-psi  pressures  were  65,  56,  and  45  p m,  respec¬ 
tively.  The  pressure  atomizer  was  used  for  room  tem¬ 
perature  CARS  measurements  only.  We  attempted  to 
heat  the  surrounding  air  with  a  heat  pipe  from  a  pro¬ 
pane/air  burner,  but  unfortunately,  the  heat  pipe  did 
not  provide  sufficient  quantities  of  high  temperature 
air,  and  the  spray  cooled  the  air  to  nearly  room  tem¬ 
perature. 

The  capillary  breakup  droplet  steam  generator  is 
similar  to  the  commercially  available  Bergland-Liu 
droplet  generator  (TSI  Incorporated).  The  generator 
forces  a  stream  of  fluid  through  a  50-Mm  pinhole  while 
oscillating  the  stream  with  a  piezoelectric  element.  A  t 
the  proper  frequencies  the  oscillation  causes  the  fluid 
stream  to  break  up  into  mono-sized  droplets  ~80  nm  in 
diameter.  We  used  this  droplet  generator  both  at 
room  temperature  and  in  heated  air.  Unlike  the 
spray,  the  single  droplet  stream  did  not  affect  the  air 
temperature  significantly.  A  propane/air  burner  pro¬ 
vided  the  high  temperature  (800-K)  gas  via  a  heat  pipe. 
We  also  translated  the  droplet  stream  along  the  laser 
beam  axis  to  determine  the  effects  of  droplet  position 
on  laser  induced  breakdown. 

B.  Experiment  Summary 

Each  “xperiment  consists  of  400  single  shot  CARS 
measurements.  For  each  shot  the  reduced  data  con¬ 
tains  the  following:  ( 1 )  temperature,  the  temperature 
fit  to  the  experimental  CARS  spectrum;  (2)  peak,  the 
peak  amplitude  of  the  CARS  signal;  (3)  baseline,  the 
average  of  10  baseline  pixels  representative  of  the 
background  intensity  seen  by  the  spectrometer;  and 
(4)  breakdown,  the  intensity  of  the  laser  breakdown 
recorded  by  a  PIN  diode  with  a  very  wide  field  of  view. 
The  PIN  diode  collects  the  breakdown  signal  90°  from 
the  laser  beam  axis.  The  baseline  pixels  collect  the 
breakdown  noise  from  on-axis.  In  this  work,  the  signal 
to  noise  ratio  (SNR)  is  defined  SNR  5  ( peak  -  base- 
line) /base  line. 
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The  results  include  CARS  temperature  measure¬ 
ments  in  the  following  droplet  enr  ironments: 

(a)  single  drops  from  the  drop-on -demand  genera¬ 
tor  in  room  temperature  air  at  different  locations  along 
the  CARS  laser  beam  axis, 

(b)  single  drops  from  the  capillary  breakup  drop 
generator  in  heated  air  at  different  locations  along  the 
CARS  laser  beam  axis,  and 

(c)  a  spray  of  fluid  drops  from  a  pressure  atomizer 
in  room  temperature  air  centered  above  the  CARS 
focus;  different  atomizing  pressure  and  different 
heights  above  the  focus  provide  different  droplet  size 
and  number  density  conditions. 

III.  Results  and  Discussion 

A.  Effect  of  Droplet  Breakdown  on  the  CARS  Signal 

Several  recent  articles  de^uil  the  physical  processes 
of  LIB  of  liquid  droplets  (Chang  et  al.,]  3  Zhang  et  al.,u 
Hsieh  et  al.,lb  Ch^lek  et  a!.,16  Zheng  et  ai.,17).  LIB  in 
water  droplets  does  not  result  from  absorption,  but 
rather  the  droplet  acts  as  a  lens,  focusing  the  incident 
radiation  just  outside  the  shadow  face  of  the  droplet 
and  inside  the  droplet,  just  within  the  shadow  face.  At 
high  laser  energy,  bretkdown  fint  occurs  in  the  gas 
outside  the  droplet,  soon  followed  by  breakdown  with¬ 
in  the  droplet  The  breakdown  inside  the  droplet 
forms  a  highly  absorbing  plasma  that  absorbs  incom¬ 
ing  radiation.  The  absorption  sustains  a  detonation 
wave  that  ejects  plasma  from  the  droplet  at  ~10  km/s. 
The  plasma  forms  in  the  first  few  nanoseconds  of  the 
laser  pulse. 

Figure  2  demonstrates  the  effect  of  droplet  break¬ 
down  on  CARS  measurements  by  comparing  a  room 
temperature  CARS  spectrum  without  droplet  break¬ 
down  to  a  CARS  spectrum  with  droplet  breakdown. 
The  breakdown  reduces  the  peak  amplitude  of  the 
CARS  signal,  and  increases  the  baseline  amplitude. 
This  combination  substantially  degrades  the  SNR  of 
the  measurement,  making  temperature  fitting  diffi¬ 
cult.  Figure  3  shows  the  temperature  fits  for  the  two 
spectra  of  Fig.  2.  Without  breakdown,  the  CARS  fit  is 
accurate,  and  produces  a  temperature  close  to  room 
temperature.  With  breakdown,  however,  the  CARS 
Fitting  routine  tries  to  accommodate  the  lifted  baseline 
and  reduced  Deak  by  adding  a  hot  band  to  the  calculat¬ 
ed  spectrum.  Adding  a  hot  band  produces  a  very  high, 
incorrect  temperature. 

Figure  4  shows  the  average  CARS  temperature  aB  a 
function  of  signal  to  noise  ratio.  Three  cases  are 
shown  in  the  figure:  single  drops  in  heated  air,  with 
the  drops  falling  through  the  focus  of  the  CARS  inter¬ 
action  volume;  single  drops  in  room  temperature  air, 
with  the  drops  falling  through  the  focus  of  the  CARS 
interaction  volume;  and  a  spray  in  room  temperature 
air,  with  the  spray  centered  above  the  CARS  interac¬ 
tion  volume.  The  drop-free  temperature  range  is  cen¬ 
tered  about  the  average  CARS  temperature  with  no 
droplets  present.  The  range  includes  ±1  standard 
deviation  of  the  drop-i>e/'  temperatures.  All  of  the 
curves  sho  v  an  incorrectly  high  temperature  for  low 
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Fig.  2.  Comparison  between  a  CARS  signal  without  drop  let  break  - 
down  (a)  and  a  CARS  signal  with  droplet  breakdown  (b). 


SNR,  and  an  accurate  temperature  for  high  SNR. 
The  cutoff  between  low  and  high  SNR  is  ~20. 

Figure  5  shows  the  average  baseline  level  and  the 
average  breakdown  intensity  as  a  function  of  SNR  for 
the  three  cases  shown  in  Fig.  4.  The  baseline  level 
decreases  rapidly  with  increasing  SNR,  while  the 
breakdown  intensity  decreases  more  slowly.  The  dif¬ 
ference  between  the  baseline  and  breakdown  variation 
with  SNR  results  from  droplet  position  variations. 
Droplets  at  the  edge  of  the  CARS  sample  volume  may 
produce  a  relatively  intense  breakdown,  but  the  collec¬ 
tion  optics  spatially  discriminate  against  plasma  dis¬ 
charge  from  the  fringe  of  the  sample  volume.  This 
discrimination  is  particularly  apparent  in  the  spray 
case,  where  the  spark  intensity  is  nearly  independent 
of  SNR.  In  the  spray,  droplets  far  from  the  CARS 
collection  volume  cause  dielectric  breakdown,  but  be¬ 
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Fig.  3.  Temperature  fit  to  the  experimental  spectra  of  Fig.  2:  (a) 
fit  to  CARS  signal  without  droplet  breakdown,  (b)  fit  to  CARS  signal 
with  droplet  breakdown. 

cause  thev  are  out  of  the  collection  optics  view,  the 
breakdown  does  not  affect  the  CARS  signal  signifi¬ 
cantly.  We  discuss  droplet  position  in  a  later  section. 

B.  Eflect  of  Droplet  Breakdown  on  CARS  Temperature 
Measurements 

The  results  of  the  preceding  jection  indicate  that 
reliable  average  temperature  measurements  can  be  ob¬ 
tained  by  utilizing  only  CARS  spectra  with  a  high 
SNR.  Unfortunately,  however,  even  with  a  high  030) 
SNR,  the  RMS  temperature  with  droplets  present  is 
larger  than  the  droplet- free  RMS  temperature.  To 
improve  our  measurements  of  RMS  temperature,  we 
eliminate  the  influence  of  dielectric  breakdown  noise 
before  we  attempt  a  temperature  fit.  If  the  baseline 
lift  is  caused  by  plasma  enhanced  nonresonant  back- 
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Pig.  4.  Average  CARS  temperature  as  a  function  of  SNR  for  single 
drops  in  heated  air,  single  drops  in  room  temperature  air,  and  a  spray 
in  room  temperature  air. 
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Fig.  5.  Average  baseline  intensity  (a)  and  average  breakdown  in¬ 
tensity  (b)  as  a  function  of  SNR 
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Fig.  6.  Comparison  between  a  normalized  non-resonant  reference 
spectrum  and  a  normalized  breakdown  noise  spectrum.  The  spec¬ 
tra  are  normalized  to  unit  area. 
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Fig.  7.  Comparison  between  a  CARS  spectrum  influenced  by  drop¬ 
let  breakdown  and  a  breakdown  noise  spectrum  with  no  CARS 
generation. 


ground,  as  suggested  by  Beiting7  we  must  subtract  a 
normalized  nonresonant  background.  If  the  baseline 
lift  is  caused  by  stray  light  from  plasma  recombination, 
then  we  must  subtract  a  normalized  breakdown  noise 
spectrum. 

Figure  6  compares  a  normalized  nonresonant  refer¬ 
ence  spectrum  to  a  normalized  breakdown  noise  spec¬ 
trum.  The  spectra  are  normalized  to  unit  area.  The 
noise  spectrum  is  taken  with  the  dye  laser  beam 
blocked  to  prevent  CARS  generation.  The  nonreso¬ 
nant  spectrum  is  spectrally  narrower  than  the  noise 
Bpectrum.  Figure  7  shows  that  the  breakdown  noise 
spectrum  matches  very  closely  the  baseline  structure 
of  a  CARS  spectrum  influenced  by  droplet  breakdown. 
For  our  experiments,  therefore,  the  dominant  source  of 
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Fig.  8.  Comparison  between  the  CARS  temperature  fit  to  an  uncor¬ 
rected  spectrum  (a)  and  the  CARS  temperature  fit  to  a  corrected 
spectrum  (b). 


baseline  lift  comes  from  breakdown  noise  rather  than 
from  an  enhanced  nonresonant  CARS  contribution. 
This  dominance  may  depend  on  droplet  composition 
and  on  the  gas  environment.  For  example,  hydrocar¬ 
bons  have  large  nonresonant  susceptibilities  (Farrow 
et  al.,18)  which  may  increase  the  nonresonant  contribu¬ 
tion,  and  as  noted  earlier,  Beiting7  found  a  dominant 
nonresonant  contribution  when  breakdown  was 
caused  by  irradiation  of  solid  flyash  particles.  It  is 
also  possible  that  our  droplet  breakdown  occurs  later 
in  the  laser  pulse  than  does  the  breakdown  in  flyash 
(Beiting7)  and  coal  (Lucht8).  With  a  late  breakdown, 
most  of  the  CARS  signal  is  generated  before  a  nonreso¬ 
nant  signal  from  the  plasma  occurs.  Because  our  in- 
tensifier  gate  is  quite  wide  (1  ms),  light  from  the  plasma 
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Fig.  9.  Average  temperature  as  a  function  of  SNR  for  spectra 
uncorrected  and  corrected  for  droplet  breakdown  noise:  (a)  mea¬ 
surements  in  a  room  temperature  spray,  (b)  measurements  with 
single  drops  in  heated  air. 

recombination  can  be  added  to  the  signal  after  the 
laser  pulse  ends. 

Based  on  the  results  shown  in  Fig.  7,  we  correct  our 
experimental  spectra  for  breakdown  noise  by  subtract¬ 
ing  a  normalized  breakdown  spectrum  from  the  raw 
data  before  we  attempt  a  temperature  fit.  Beiting19 
used  a  similar  method  to  analyze  CARS  signals  con¬ 
taminated  by  coherent  interference.  The  normaliza¬ 
tion  factor  is  (Spio  -  St,)/(Bpio  ~  B (,).  S  is  the  mea¬ 
sured  CARS  signal  and  B  is  an  average  breakdown 
spectrum.  The  subscript  plO  refers  to  an  average  of  10 
pixels  and  subscript  b  refers  to  the  absolute  baseline  of 
the  DARSS  detector.  Initially,  we  chose  to  average 
the  first  10  pixels  of  the  DARSS,  however,  these  pixels 
did  not  accurately  monitor  the  level  of  the  breakdown 
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noise.  In  Fig.  7,  for  example,  the  largest  deviation 
between  the  signal  baseline  and  the  average  break¬ 
down  spectrum  occurs  in  the  first  few  pixels.  Conse¬ 
quently,  we  determine  Sp  10  from  an  average  of  10  pixels 
located  near  the  second  hot  band  of  the  nitrogen  CARS 
spectrum.  At  high  temperatures,  the  second  hot  band 
contributes  to  the  CARS  signal,  requiring  a  modified 
choice  of  pixels  to  average.  Figure  8  compares  the 
temperature  fit  between  an  uncorrected  and  a  correct¬ 
ed  room  temperature  CARS  spectrum.  While  the  cor¬ 
rected  temperature  is  a  little  high,  it  is  within  the 
temperature  uncertainty  typical  of  low  temperature 
CARS  measurements. 

Figure  9  compares  the  variation  of  temperature  with 
SNR  for  corrected  and  uncorrected  spectra.  The  fig¬ 
ure  shows  results  from  measurements  in  a  room  tem¬ 
perature  spray  [Fig.  9(a)]  and  from  measurements  with 
single  drops  in  heated  air  [Fig.  9(b)].  In  Fig.  9(a),  the 
correction  procedure  greatly  improves  the  average 
temperature  for  spectra  with  SNR  between  1  and  10. 
For  SNR  >  10,  however,  the  signal  is  relatively  good 
already,  and  the  correction  procedure  adds  little  im¬ 
provement.  For  the  heated  air  case,  Fig.  9(b),  the 
correction  procedure  improves  the  average  tempera¬ 
ture  for  SNR  between  3  and  10,  but  the  improvement  is 


not  as  substantial  as  in  the  room  temperature  case.  As 
in  Fig.  9(a),  there  is  little  difference  between  the  cor¬ 
rected  and  uncorrected  results  for  SNR  >10. 

The  results  of  Fig.  9  indicate  that  spectral  correction 
and  conditional  measurements  based  on  SNR  can  pro¬ 
duce  reliable  mean  temperatures  from  CARS  signals 
affected  by  droplet  breakdown.  However,  the  figure 
also  indicates  that  droplet  breakdown  results  in  slight¬ 
ly  higher  mean  temperatures  than  are  measured  in 
drop-free  environments.  For  example,  corrected 
spectra  from  room  temperature  spray  measurements 
with  SNR  >  10  produce  a  mean  temperature  ~30  K 
(10%)  higher  than  occurs  in  the  drop-free  temperature 
measurement.  Similarly,  corrected  spectra  from 
heated  air  with  single  drops  with  SNR  >  10  produce  a 
mean  temperature  ~25  K  (3%)  higher  than  occurs  in 
the  drop-free  temperature  measurement. 

Figures  10  and  11  present  temperature  distributions 
for  CARS  measurements  in  a  room  temperature  spray 
(Fig.  10)  and  with  single  drops  in  heated  air  (Fig.  11). 
The  bottom  distribution  in  each  column  is  the  tem¬ 
perature  distribution  without  droplets  present.  The 
remaining  histograms  compare  corrected  and  uncor¬ 
rected  temperature  distributions  for  three  SNR.  For 
SNR  >  5,  the  temperature  distribution  for  uncorrected 


TEMPERATURE  |tq  TEMPERATURE  (K)  TEMPERATURE  |K] 

Fig.  10.  Temperature  diatributions  for  CARS  meaauremenu  in  a  room  temperature  spray  The  bottom  histogram  in  each  column  is  the 
temperature  distribution  without  droplets  present.  Diatributions  of  uncorrected  and  corrected  temperatures  for  three  SNRs  are  shown 
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Fig.  11.  Temperature  distributions  for  CARS  measurements  with  single  drops  in  heated  air.  The  bottom  histogram  in  each  column  is  the 
temperature  distribution  without  droplets  present.  Distributions  of  uncorrected  and  corrected  temperatures  for  three  SN’Rs  are  shown. 
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spectra  is  much  broader  than  the  distribution  for  drop- 
free  measurements.  The  temperature  distribution 
from  corrected  spectra  is  narrower  than  the  uncorrect¬ 
ed  distribution  but  still  does  not  reproduce  the  drop- 
free  distribution.  Increasing  the  SNR  condition  im¬ 
proves  the  temperature  distribution,  however  even  for 
SNR  >  30,  the  corrected  temperature  distribution 
does  not  reproduce  the  drop-free  temperature  distri¬ 
bution.  The  results  from  single  drops  in  heated  air 
(Fig.  11)  demonstrate  the  same  behavior  as  the  distri¬ 
butions  of  Fig.  10.  In  heated  air,  however,  there  is 
little  difference  between  distributions  from  corrected 
and  uncorrected  spectra. 

Figures  10  and  11  show  that  CARS  measurements  in 
droplet  laden  flows  produce  a  broader  temperature 
distribution  than  measurements  made  in  drop-free  en¬ 
vironments.  The  broadening  is  on  the  high  tempera¬ 
ture  side  of  the  distribution,  and  occurs  because  CARS 
spectra  influenced  by  breakdown  can  be  interpreted  as 
high  temperature  spectra.  The  broadening  is  most 
severe  at  room  temperature  where  the  CARS  spectra 
have  few  features  to  fit.  Temperature  measurements 
of  corrected  spectra  in  a  room  temperature  spray  with 
SNR  >  10  have  a  standard  deviation  of  58  K  compared 
to  29  K  for  measurements  in  drop-free  room  air.  For 


Bingle  drops  in  heated  air,  corrected  spectra  with  SNR 
>  10  produce  a  temperature  standard  deviation  of  128 
K  compared  with  100  K  for  drop-free  heated  air. 

C.  Effect  of  Droplet  Position  on  CARS  measurements 

Figure  12  shows  the  fraction  of  CARS  measurements 
that  result  in  a  valid  temperature  as  a  function  of  axial 
droplet  position  relative  to  the  CARS  focus.  For  this 
figure,  the  fraction  is  the  number  of  temperatures 
within  ±1  standard  deviation  of  the  drop-free  tem¬ 
perature  divided  by  the  number  of  measurements  con¬ 
taining  a  noticeable  breakdown  event.  Both  the  room 
air  experiments  and  the  heated  air  experiments  indi¬ 
cate  that  the  valid  fraction  is  relatively  insensitive  to 
axial  droplet  position  when  the  droplet  is  near  the 
CARS  focus  (»±2  mm).  With  droplets  in  the  near¬ 
focus  region,  we  obtain  valid  temperatures  in  30-40% 
of  the  measurements.  The  droplets  travel  across  the 
narrow  dimension  of  the  CARS  sample  volume.  Valid 
measurements  occur  when  droplets  break  down  above 
and  below  the  sample  volume  because  the  collection 
optics  spatially  discriminate  between  the  CARS  signal 
and  the  plasma  discharge.  A  similar  discrimination 
does  not  occur  with  droplets  at  the  axial  edges  of  the 
sample  volume  because  the  collection  optics  are  nearly 
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Fig.  12.  Fraction  of  CARS  measurements  resulting  in  valid  tem¬ 
perature  measurements  as  a  function  of  droplet  position  relative  to 
the  CARS  focus.  Valid  measurements  are  within  ±1  standard  devi¬ 
ation  of  drop-free  temperature. 
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Fig.  13.  Fraction  of  measurements  in  a  room  temperature  spray 
that  result  in  valid  temperatures  as  a  function  of  droplet  number 
density.  Valid  temperatures  are  within  ±1  standard  deviation  of 
drop-free  temperature  measurements.  The  number  density  is  mea¬ 
sured  with  a  phase-doppler  particle  analyzer. 


on-axis  and  therefore  insensitive  to  axial  position  vari¬ 
ations.  Our  results  suggest  that  a  droplet  breakdown 
will  disrupt  the  CARS  measurement  if  it  is  near  the 
beam  axis  and  in  the  primary  CARS  interaction  vol¬ 
ume. 

From  the  above  information  and  Poisson  statistics 
we  can  estimate  the  upper  bound  on  particle  number 
density  that  will  result  in  40%  valid  temperature  mea¬ 
surements.  The  number  of  particles  in  the  CARS 
sample  volume  can  be  described  with  a  Poisson  distri¬ 
bution.  The  mean  of  the  Poisson  distribution  is  the 
product  of  the  particle  number  density  N  and  the 
probe  volume  Vp.  Our  CARS  system  has  Vp  *  0.4  mm3 
based  on  the  interaction  volume  dimensions  measured 
with  a  nitrogen  jet.  For  N  =  2500  particles/cc,  a  parti¬ 
cle  will  be  present  in  the  sample  volume  in  60%  of  the 
measurements.  From  this  calculation,  we  expect  that 
2500  particles/cc  is  the  number  density  limit  for  40% 
valid  temperature  measurements.  Figure  13  shows 
valid  fraction  as  a  function  of  particle  numbe;  density 
from  our  CARS  temperature  measurements  in  a  water 
spray.  The  solid  line  is  a  least  squares  cubic  fit  to  the 
data.  The  experiments  suggest  2500  particles/cc  as 
the  number  density  producing  40%  valid  measure¬ 
ments,  in  agreement  with  our  estimate. 

D.  Minimizing  the  Effect  of  Droplet  Breakdown  on  CARS 
Measurements 

Our  results  suggest  the  following  methods  to  mini¬ 
mize  the  effect  of  breakdown  on  CARS  temperature 
measurements: 

(1)  Reduce  laser  power:  reducing  laser  power  de¬ 
creases  the  size  of  the  region  with  sufficient  energy  to 
generate  breakdown.  Unfortunately  reducing  laser 
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power  also  reduces  the  CARS  signal.  It  is  possible  to 
compensate  for  the  decrease  in  laser  power  with  an 
increased  interaction  volume  at  the  expense  of  degrad¬ 
ed  spatial  resolution. 

(2)  Minimize  optics  field  of  view:  restricting  the 
optics  field  of  view  ensures  that  breakdown  events 
outside  the  CARS  interaction  volume  will  not  affect 
the  CARS  signal. 

(3)  Reduce  detector  gate  time:  the  entire  CARS 
signal  is  collected  in  less  than  10  ns,  while  the  plasma 
recombination  occurs  on  the  microsecond  time  scale. 
Gating  the  detector  in  a  narrow  time  window  around 
the  CARS  laser  pulse  will  reduce  the  breakdown  noise. 
Reducing  the  detector  gate  time  will  not  reduce  the 
nonresonant  contribution  to  the  noise.  The  detector 
gate  time  can  be  difficult  to  reduce  in  practice  as  it  is 
often  limited  by  detector  hardware  and  shot-to-shot 
jitter. 

(4)  Software  corrections  and  conditional  sampling: 
CARS  spectra  that  have  been  affected  by  breakdown 
noise  can  be  improved  by  subtracting  a  normalized 
background  characteristic  of  the  breakdown.  In  addi¬ 
tion,  conditionally  sampling  the  measurements  to  in¬ 
clude  only  spectra  with  a  high  SNR  allows  accurate 
temperature  measurements  in  droplet  laden  flows. 

IV.  Conclusions 

Our  experiments  suggest  the  following  conclusions: 

Droplets  that  breakdown  near  the  center  of  the 
CARS  interaction  volume  influence  the  CARS  signal 
by  decreasing  the  peak  signal  intensity,  and  by  raising 
the  background  intensity.  There  is  little  evidence  of 
noise  due  to  the  plasma  enhanced  nonresonant  CARS 
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signal  that  has  been  observed  in  similar  experiments 
using  solid  particles  rather  than  droplets  to  produce 
LIB. 

LIB  leads  to  inaccurate  temperatures  because  the 
CA RS  fitting  routine  tries  to  fit  the  elevated  back¬ 
ground  by  enhancing  the  first  nitrogen  hot  band. 
Subtracting  a  background  spectrum  characteristic  of 
LIB  improves  the  temperature  fit.  The  improvement 
is  more  pronounced  for  low  temperature  spectra  than 
for  high  temperature  spectra. 

Background  subtracted  CARS  spectra  with  a  high 
SNR  provide  reasonably  accurate  mean  and  RMS 
temperatures  in  droplet  laden  flov  s. 

Droplets  that  generate  breakdown  plasma  far  from 
the  CARS  interaction  volume  do  not  influence  the 
CARS  measurement.  Spatial  filtering  by  the  collec¬ 
tion  optics  discriminates  fairly  well  between  the  CARS 
signal  and  the  plasma  discharge. 

Results  from  CARS  measurements  in  sprays  are 
very  similar  to  results  from  CARS  measurements  with 
single  droplets  in  the  sample  volume.  It  is  likely, 
therefore,  that  the  LIB  process  is  a  single  droplet 
event.  Our  CARS  sample  volume  (~1  mm3)  and  40% 
validation  rate  requires  a  particle  number  density  less 
than  2500  particles/cc. 

The  authors  appreciate  the  important  insights  pro¬ 
vided  by  Larry  Goss  of  Systems  Research  Laboratory. 
This  research  is  sponsored  by  the  Air  Force  Office  of 
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Abstract 

The  techniques  of  particle-streak  and  pulsed-laser  velocimetry  were  investigated  to 
determine  their  applicability  in  obtaining  two-dimensional  velocity  information.  As  a  result 
of  these  investigations,  a  third  technique — scanned-laser  velocimetry — was  developed.  In 
each  method  particles  are  seeded  into  combusting  and  noncombuacing  flows  and  their  movement 
within  a  sheet  of  laser  light  photographically  recorded.  Analysis  of  the  particle  tracks 
provides  velocity  as  well  as  valuable  flow-visualization  information. 

Introduction 

Various  techniques  have  been  proposed  for  obtaining  two-dimensional  velocity  measure¬ 
ments  in  flowing-gas  systems.  Among  these,  particle-streak  velocimetry,-  pulsed-laser  velc 
cimetry,2  speckle  velocimetry,3  and  laser-induced  fluorescence4  share  certain  limitation » 
which  can  affect  their  usefulness,  i.e.,  requirements  for  seeding  with  particles  or  fluores¬ 
cent  gases,  directional  ambiguity,  and/cr  large  post-processing  of  data.  After  consideration 
of  the  merits  of  these  techniques,  the  first  two — with  proper  improvements--were  deemed  the 
most  viable  approaches  lor  obtaining  two-dimensional  velocity  information.  Described  herein 
are  applications  of  these  techniques  in  which  a  plane  of  laser  light  is  used  to  obtain  flow 
velocities  in  two  dimensions  simultaneously.  Thess  scheme j  employ  photographic  detection  of 
Mie  scattering  from  small  (0.1  -  5  urn)  particles  or  droplets  seeded  into  cold  flowing  and 
combusting  gases.  The  area  within  the  flow  field  to  be  studied  is  determined  by  the  size, 
shape,  and  orientation  of  the  laser  3heet.  Local  velocities  are  determined  from  individual 
particle  images,  while  the  group  velocity  of  large-scale  mixing  structures  can  be  determined 
by  recording  the  evolution  of  the  flow  field. 

The  two-dimensional  velocity  techniques  described  include  modulated  particle-streak 
velocimetry,  pulsed-laser  velocimetry,  and  scanned-laser  velocimetry.  m  each  of  these  tech¬ 
niques,  the  laser-light  sheet  used  for  illumination  is  produced  in  a  different  manner.  In 
modulated  particle-streak  velocimetry,  a  5-W  argon-ion  laser  is  used  to  form  a  light  sheet 
which  is  modulated  by  a  Bragg  cell  30  as  to  encode  the  streak  produced  by  a  particle  as  it 
travels  within  the  light  sheet.  This  encoding  allows  the  time  and  directional  ambiguities 
associated  with  streak  velocimetry  to  be  removed.  The  second  tectuyLque  is  an  offshoot  of 
pulaed-particle  imaging  which  has  been  successfully  demonstrated The  diffeience  in  the 
approach  employed  in  the  present  investigation  involves  the  U3e  of  a  6-kHz,  40-W  copper- 
vapor  laser  to  form  the  light  sheet,  which  allows  for  recording  of  multiple  pulses  of  the 
particle  as  it  traverses  the  flow  field;  this  is  in  contrast  to  the  traditional  double¬ 
pulse-ruby  or  -Nd : TAG  laser  approaches.  The  third  technique  is  based  upon  an  attempt  to 
combine  the  encoding  capability  of  the  cw  argon-ion  laser  with  the  high-energy  density  of 
pulsed-laser  devices.  This  scanning-laser  technique  employs  a  rotating-mirror  scanner  to 
sweep  a  focused  cw  argon-ion  beam  at  a  high  rate  to  form  an  effective  light  3heet. 

Theory 


The  velocity-measurement  schemes  employed  in  these  experiments  utilized  photographic 
film  as  the  detection  medium.  Therefore,  an  understanding  of  the  relationships  between 
part.cle  detectivity  and  experimental  parameters  such  as  f-number  (ft),  laser-energy  density, 
and  particle  size  is  beneficial. 

For  particle  imaging  the  exposure  resulting  from  a  particle  ;n  a  laser-light  sheet  of 
energy  W  and  area  iyiz  i3  given  by5 
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with  m  being  the  magnification  of  the  image,  f#  the  ratio  of  the  focal  length  to  the  lene 
diameter,  and  X  the  wavelength  of  the  laser  source.  The  diffraction-limited  burr  image  of 
the  lens  is  given  by  ds.  For  the  small  seed  particles  used  during  these  experiments,  the 
particle  image  recorded  on  film  is  actually  the  burr  image  and,  thus,  represents  a  lower 
limit  to  the  image  size — which  will  be  important  in  determining  the  resolution  of  the 
velocity  measurement. 

Adrian,  et  al.,®  calculated  the  Mie-scattenng  contribution  to  Eq.  (1)  and  generated  the 
family  of  curves“Tor  normalized  exposure,  f# ,  and  particle  size  shown  in  Fig.  1.  Normalizing 
the  exposure  to  the  light-sheet  energy  density  allows  comparison  to  experimental  conditions 
other  than  those  reported  in  Ref.  5.  The  minimum  exposure  level  of  the  film  is  given  by  the 
inverse  of  the  ASA  speed  rating  in  ergs/cm2.  For  a  1000-ASA  film,  the  minimum  exposure  cor¬ 
responds  to  1  yJ/m.  In  order  to  compare  this  value  to  the  family  of  curves  in  Fig.  1,  the 
exposure  must  be  normalized  to  the  energy  density  of  the  laser  light  sheet.  In  the  case  of 
the  copper-vapor  laser,  the  normalized  value  is  3.12  5  x  10-7  for  an  8-mJ  pulse  in  a  25-cm2 
sheet.  A  good-quality  image  is  considered  to  be  a  density  of  one  or  a  factor  of  ten  times 
the  gross  fog  level  (3.125  x  10~6) .  Plotting  this  value  on  the  family  of  curves  in  Fig.  1 
indicates  the  lower  range  of  particle  sizes  which  can  be  detected  for  a  given  camera  ft.  The 
smallest  particle  for  a  density  of  one  with  an  ft  of  5.6  is  •v  1  urn;  for  an  ft  of  2.8,  it  is 
^  0.3  um.  If  one,  in  fact,  relaxes  the  detection  criterion  from  ten  to  two,  which  will 
result  in  an  adequate  image  in  most  cases,  the  lower  limit  for  particle  sizes  becomes  ^  0.2 
(ft  2.8)  and  'u  0.5  um  (ft  5.6). 

For  the  streak-velocity  case  in  which  the  argon-ion  laser  is  used  as  the  laser  source, 
the  minimum  exposure  level  is  considerably  higher.  The  reason  for  this  is  two-fold:  first, 
the  energy  density  of  the  argon  laser  is  much  lower  than  that  of  the  copper-vapor  laser  (6  W 
vs.  40  W  average  power);  secondly,  and  more  importantly,  the  particle  typically  is  not 
motionless  during  the  camera  exposure  but,  in  fact,  moves  which  produces  a  streak.  As  a 
result  the  amount  of  scattered  light  imaged  onto  a  given  area  of  film  will  be  srall  for  a 
fast-moving  particle.  In  the  pulsed-laser  case,  the  total  energy  is  deposited  during  a  30-ns 
pulse  and  the  particle  does  not  have  time  to  move  during  the  laser  pulse.  This  greatly 
increases  the  intansity  of  the  scattered  image  for  a  given  area  of  film.  In  the  argon-ion 
case,  a  particle  moving  with  a  velocity  of  1  m/s,  exposed  to  a  6-w  argon  sheet  of  25  cm2, 
will  require  21  ys  to  travel  21  um  (three  times  the  burr-image  size)  ,  resulting  in  a  minimum 
exposure  requirement  of  1.98  x  10~5 — approximately  666  times  the  fog  exposure  level  required 
for  the  copper-vapor  laser.  Plotting  this  value  along  with  the  density-of-one  value  required 
for  high-quality  images  indicates  that  only  the  smallest  f#  lens  will  allow  the  detection  of 
particles  below  4  um.  In  the  case  of  higher-velocity  flows,  the  detectivity  of  the  smaller 
particles  will  drop  accordingly.  Since  the  power  of  the  argon-ion  laser  is  already  at  a 
maximum,  only  a  lower-f#  lens  and/or  a  faster,  more-sensitive  film  will  allow  detection  of 
the  very  small  particles  in  the  flow. 

Because  of  the  low  energy  in  a  cw  laser  sheet,  the  scanned  -  laser  technique  was  con¬ 
ceived.  In  this  approach  the  laser  sheet  is  produced  by  scanning  the  laser  beam  with  a  high¬ 
speed  rotating  mirror.  The  effective  increase  in  the  energy  density  of  the  sheet  formed  in 
this  manner  corresponds  to  the  ratio  of  the  beam  diameter  to  the  height  of  the  light  sheet. 
In  the  nonscanning  case  the  laser  beam  is  expanded  to  a  5-cm  height.  In  the  scanning  case 
the  beam  diameter  is  ^  200  um.  The  increase  in  energy  density  of  the  sheet  is,  thus,  on  the 
order  of  250.  This  corresponds  to  a  nondimens ional  mean  exposure  of  'u  8  x  10“®.  This  level 
is  approximately  four  times  lower  than  that  of  the  copper-vapor  laser,  allowing  submicron- 
size  particles  to  be  detected. 

Determination  of  the  precision  of  the  streak  or  pulsed-velocity  method  requires  deter¬ 
mination  of  the  smallest  displacement  which  can  accurately  be  measured  by  the  film  (resolving 
power  of  the  film) .  In  order  to  understand  the  resolving  capability  of  the  film,  one  must 
examine  the  modulated  transfer  function  (MTF) .  The  MTF  is  a  measure  of  the  ability  of  the 
film  to  resolve  accurately  line  pairs  separated  by  a  given  distance.  The  function  is  defined 
by 

_  Zmax  '  rmin 

MTF  =»  j - — -  (4 ) 

max  min 
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where  Imax  is  the  intensity  maximum  of  adjacent  line  pairs  (or  particle  images)  and  Imin  is 
the  minimum  intensity  between  the  line  pairs.  As  the  line  pairs/mm  of  the  input  image 
increases,  a  point  is  reached  where  the  lines  are  no  longer  distinct  and  overlapping  (cross¬ 
talk)  occurs.  For  example,  the  film  used  for  some  of  these  experiments,  Royal  X-Pan,6 
exhibits  a  lower  MTF  value  of  30%,  which  corresponds  to  a  resolution  of  70  line  pairs/mm. 
This  corresponds  to  a  minimum  spatial-resolving  capability  of  14.3  um  between  particle 
images.  Thus,  with  a  temporal  pulse  separation  of  167  us  for  the  6-kHz  copper-vapor  laser,  a 
velocity-resolution  limit  of  0.09  m/s  is  reached.  The  ability  to  realize  this  limit  in  prac¬ 
tice  will  depend  upon  the  experimental  conditions  and  post-processing  procedures. 

The  resolution  limit  of  the  scanned-laser  and  the  pulsed-laser  techniques  is  determined 
in  a  similar  manner  in  that  the  film  records  distinct  images  whose  minimal  spatial  and 
temporal  resolution  determines  the  lower  velocity  resolution  limit.  The  particle-image 
separation,  however,  can  be  controlled  by  changing  the  scan  rate  of  the  spinning-mirror, 
unlike  the  copper-vapor-laser  case  where  the  repetition  rate  is  fixed.  By  decreasing  Che 
scanning  rate,  the  time  interval  between  particle  images  and,  thus,  the  velocity  resolution 
can  be  increased. 

In  particle-streak-velocity  experiments,  the  length  of  the  encode  pattern  in  conjunction 
with  the  burr-image  size  determines  the  limiting  velocity  ranges.  Here  the  attempt  is  to 
measure  the  length  of  the  particle  streak.  The  streak  length  is  controlled  by  the  velocity 
of  the  particle  and  the  exposure  time  of  the  film  which  must  be  sufficiently  long  to  identify 
at  least  one  encode  pattern.  The  resolution  of  the  velocity  measurement  can  thus  be  opti¬ 
mized  for  the  velocity  range  expected  in  the  flow  to  be  studied.  If  one  assumes,  as  in  the 
case  of  the  pulsed-laser  velocity,  that  the  limiting  resolution  of  the  film  corresponds  to  an 
MTF  of  30%,  then  the  minimum  length  described  by  the  encode  unit  period  can  be  no  shorter 
than  14  um.  The  minimum  length  for  a  complete  encode  is  nine  unit  periods  and,  thus,  126  urn. 
The  maximum  length  of  the  encode  can  be  no  longer  than  the  length  of  the  film  (120  mm) .  With 
the  upper  and  lower  limits  in  length  defined,  the  maximum  and  minimum  velocities  can  be  com¬ 
puted  as  a  function  of  the  encode  period.  Thus,  for  an  encode  period  of  2  ms,  velocities 
ranging  between  0.06  and  60  m/s  may  be  captured  on  the  same  photograph.  This  dynamic  range 
of  1000  :n  velocity-measurement  capability  is  typical  for  a  wide  selection  of  encode  periods. 

Experimental  Results 


Particle-Streak  Velocimetry 

To  accomplish  particle-streak  velocimetry,  the  system  depicted  in  Fig.  2  was  assembled. 
The  5-W  multimode  output  of  a  Spectra  Physics  Model  2020  argon-ion  laser  is  formed  into  a 
sheet  through  the  use  of  various  combinations  of  cylindrical  lenses.  The  sheet  focuses  to 
1  mm  in  thickness  through  the  sample  volume,  and  its  height  is  determined  by  the  lens  com¬ 
bination  and  spacing  for  the  desired  area/intensity  of  coverage.  The  entire  sheet  is 
switched  on  and  off  by  means  of  an  IntraAction  Corporation  Model  AOM-355  Acousto-Optic  Modu¬ 
lator.  A  seed  particle  traveling  within  the  pulsating  sheet  appears  as  a  series  of  streaks 
recorded  by  a  camera  which  views  normal  to  the  sheet.  The  spatial  and  temporal  length  of  the 
streak  allows  determination  of  the  velocity  of  the  particle  and,  subsequently,  the  velocity 
of  the  surrounding  flow.  Spatial  distances  are  obtained  by  comparison  to  calibrated  scales, 
and  temporal  characteristics  are  set  by  the  modulator  drive  frequencies. 

For  this  technique  to  be  most  useful  in  flow  diagnostics,  two  problems  must  be  overcome: 
1)  the  uncertainty  involving  the  residence  time  of  a  particle  in  the  light  sheet,  and  2)  the 
directional  ambiguity  of  the  streak.  The  former  arises  because  the  particle  may  have  a 
velocity  component  which  is  perpendicular  to  the  sheet  and,  therefore,  could  cross  the  sheet 
in  less  than  one  complete  sheet  "on"  period.  The  latter  arises  because  the  absolute  direc¬ 
tion  of  the  streak  path  cannot  be  determined  from  a  regular  pattern  of  streaks.  Both  of 
these  problems  can  be  corrected  by  implementing  a  sheet-encoding  scheme  similar  to  that 
reported  by  Marko  and  Rama^  which  modulates  the  light  in  a  unique  on/off  pattern.  As  illus¬ 
trated  in  Fig.  2,  the  encoding  pattern  chosen  for  these  experiments  consists  of  three  succes¬ 
sive  light  "on"  periods  in  the  ratio  1:2:4.  The  total  length  of  time  required  to  generate 
this  encode  pattern  can  be  adjusted  for  the  velocities  of  interest.  Thus,  if  one  complete 
encode  pattern  is  recorded,  the  residence  time  of  the  particle  in  the  sheet  and  the  particle 
direction  are  precisely  defined. 

An  example  of  the  particle-streak  velocimetry  obtained  with  this  system  is  shown  in  Fig. 
3.  The  streaks  of  a  2-ms  encoding  period  are  recorded  from  alumina  particles  (1-5  um 
diam. )  entrained  in  a  propane  diffusion  flame  produced  from  a  1-cm  fuel  tube  having  0.5  SCFM 
propane  flow.  The  streaks  in  this  photograph  demonstrate  that  flow  velocities  ranging  from 
3.3  to  3.8  m/s  exist  within  the  central  portion  of  the  flame. 
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Pulsed-Laaer  Velocimetry 


Pulsed-laser  velocimetry  involves  the  use  of  a  high-repetition-rate  pulsed  laser  which, 
rather  than  producing  a  streak  on  the  film,  records  the  particle  position  as  a  series  of  dots 
whose  temporal  spacing  is  well  known.  This  technique  was  implemented  with  a  Plasma  Kinetics 
Model  451  Copper-Vapor  Laser  and  sheet-forming  cylindrical  lenses.  The  laser  produces  8-mJ 
pulses  of  v  30-ns  duration  and  operates  at  a  frequency  of  6  kHz  for  a  temporal  resolution  of 
167  us.  The  problem  of  particle-direction  ambiguity  exists  with  this  system  also,  and  its 
solution  requires  an  encoding  scheme  which  rejects  certain  of  the  copper-vapor  pulses. 
Although  no  problems  are  anticipated  in  implementing  such  an  encoding  scheme  with  this  laser, 
no  attempt  was  made  to  use  this  scheme  for  the  present  experiments. 

One  advantage  of  this  technique  is  the  increased  energy  per  pulse  which  translates  into 
a  stronger  scattering  for  more  effective  film  recording.  In  addition,  the  high  frequency  of 
the  copper-vapor-laser  operation  allows  very  high  flow  velocities  to  be  observed.  Figure  4 
shows  the  tracks  of  alumina  seed  particles  in  a  nonreacting  air  jet  from  a  1-cm  nozzle.  The 
particle  velocities  range  from  8  to  45  m/s. 

The  high-velocity  measurement  capability  of  this  technique  allows  the  study  of  turbulent 
phenomena  as  well  as  transient  one-of-a-kind  events  such  as  the  ignition  of  a  pyrotechnic 
material.  Figures  5  and  6  show  results  obtained  with  two  types  of  pyrotechnic  materials 
which  were  illuminated  during  combustion  with  the  copper-vapor-laser  sheet.  Successive 
frames  are  shown  which  were  recorded  by  a  SO^O-frames/s  cine  camera  synchronized  to  the  laser 
firing.  The  ignition  shown  in  Fig.  5  was  characterized  by  a  small  visible  flash.  A  ceramic 
cap  which  covered  the  material  remained  intact  and  can  be  tracked  for  many  frames  beyond  its 
preignition  position.  The  second  type  (Fig.  6)  exhibited  a  very  large  flash  during  which  the 
main  combustion  processes  were  taking  place.  The  ignition  causes  the  formation  of  very  hot 
gases  which  flow  away  :'rom  the  sample  holder  at  'v-  300  -  500  m/s.  In  the  wake  of  the  hot  jet 
is  a  large  vortex  structure  which  evolves  much  more  slowly  and  persists  for  several  hundred 
milliseconds  after  ignition. 

Scanned-Laaer  Velocimetry 

Experiments  with  the  particle-streak  and  pulsed-laser  velocity-measurement  techniques 
made  it  clear  that  consideration  should  be  given  to  features  such  as  intensities,  repetition 
rates,  ease  of  encoding,  and  clarity  and  uniformity  of  the  laser  sheet  produced.  The  system 
diagrammed  in  Fig.  7  was  constructed  so  as  to  retain  the  most  desirable  features  from  both 
techniques,  minimize  their  weaknesses,  and  combine  the  results  into  a  single,  simple  optical 
system.  As  indicated  in  the  figure,  a  Lincoln  Laser  Company  Rotating  Mirror  Scanner  (RMS)  is 
employed  to  sweep  the  5-w  multimode  output  of  a  Spectra  Physics  Model  2020  Argon-Ion  Laser 
across  a  large-diameter  concave  mirror  (M) .  The  reflected  sweep  pattern  consists  of  parallel 
ray  paths,  with  the  focus  of  each  ray  being  determined  by  the  focal  length  and  placement  of  a 
focusing  lens  (L) . 

Formation  of  a  scanned  sheet  of  laser  light  in  the  manner  described  above  has  several 
advantages  for  use  in  illumination  of  seed  particles.  The  parallel  light  rays  in  the  scanned 
pattern  produce  a  well-defined  sheet  having  uniform  intensity  distribution.  A  very  thin 
sheet  (200  um)  is  obtained  due  to  the  tight  focusing  which  is  made  possible  by  the  Gaussian 
intensity  profile  of  the  argon-ion  laser  beam  in  addition  to  the  curved  reflecting  mirror. 
By  concentrating  the  maximum  output  of  the  laser  source  into  each  scanning  element  of  the 
sheet,  the  intensity  of  the  laser  energy  available  for  scattering  from  seed  particles  is 
increased  by  several  orders  of  magnitude  over  that  of  conventional  light  sheets  formed  by 
means  of  cylindrical  lenses.  The  scanner  mirror  consists  of  ten  individual  facets  which, 
when  rotated  by  its  synchronous  drive  motor,  can  provide  scan  rates  from  300  to  5000  Hz  and, 
thus,  allow  velocities  between  0.1  and  several  hundred  meters  per  second  to  be  measured.  The 
scanner  can  provide  two  functions  if  certain  facets  are  partially  masked.  First,  if  the 
laser  energy  is  reflected  from  the  unmasked  portion,  the  normal  10  scan  lines  per  scanner 
revolution  can  be  produced.  Secondly,  if  reflection  from  the  portion  masked  as  shown  in  Fig. 
7  is  selected,  a  uniquely  ordered  scan  pattern  can  be  encoded.  This  encoded  scan  consists  of 
a  reflecting  facet  followed  by  a  nonreflecting  (masked)  facet,  two  reflecting  facets,  a 
masked  facet,  three  reflecting  facets,  and  two  masked  facets.  The  resulting  one-two-three 
encode  pattern  provides  unambiguous  determination  of  particle  direction  and  residence  time 
within  the  sheet  for  velocity  determination. 

Examples  of  the  capabilities  of  this  sheet-lighting  system  are  shown  in  Figs.  8-11. 
In  Fig.  8  dry  air  containing  TiCl4  is  flowing  above  a  splitter  plate  in  a  Plexiglas  channel 
of  rectangular  cross  section.  The  air  flow  above  the  plate  is  1.0  m/s  and  is  acoustically 
drivan  at  73  Hz.  Moist  air  is  flowing  below  the  splitter  plate  at  0.5  m/s.  As  the  two  flows 
interact,  Ti02  particles  are  formed,  and  the  dynamics  of  the  resulting  flow  field  are  well 
defined  by  the  exposure  to  a  single  scan  of  the  laser  light  sheet.  A  useful  extension  of 
this  visualization  can  be  seen  in  Fig.  9  where  the  scan  rate  of  the  laser  light  through  the 
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flow  has  been  increased  to  allow-  two  scans  of  the  flow  field  at  an  interval  of  11  ms.  Such  a 
multiple-scan  technique  can  provide  considerable  information  concerning  the  velocity,  trans¬ 
port  characteristics,  and  evolution  of  large-scale  structures. 

The  capability  of  the  encoded  scan  pattern  in  resolving  flow  direction  is  demonstrated 
in  Fig.  10.  The  flow  field  in  this  figure  is  created  uy  a  bluff  body  (4.5-cm  diam.)  sur¬ 
rounded  by  a  flowing  annulus  (20-cm  diam.)  of  air.  Phenolic  microballoons  (15  -  50  ym  diam.) 
were  introduced  into  the  annulus  flow  and  their  entrainment  with  the  combusting  propane  fuel 
jet  (4.7-mm  diam)  recorded  over  one-half  of  the  bluff-body  face.  The  flow  of  the  counter¬ 
clockwise  inward-spiraling  particles  on  the  right  in  the  figure  is  easily  distinguished  from 
the  clockwise  flowing  track  visible  in  the  lower  left  of  the  figure  near  the  central  fuel 
jet.  These  particle  tracks  also  serve  to  demonstrate  the  capability  of  the  particle-streak 
technique  to  determine  two  velocity  components  as  well  as  facilitate  two-dimensional  velocity 
mapping. 

In  a  more  streamlined  flow  such  as  that  of  Fig.  11,  where  the  direction  of  flow  is  known 
Fr--- - ■  nonencoded  ccnnring  cih  b-  oyed  for  velocity  determination.  Tnis  photograph 
snows  traces  of  phenolic  microballoon3  in  air  flowing  through  a  1-cm-diam.  jet.  A  sheet  scan 
rate  of  400  Hr  was  used  to  illuminate  the  particles.  The  tracks  represent  flow  velocities  of 
0.58  m/s  near  the  exist  of  the  nozzle  which  decrease  to  0.47  m/s  at  a  height  of  3.4  cm  in  the 
jet. 


The  ability  of  the  rotating-mirror  scanner  system  to  obtain  accurate  velocity  informa¬ 
tion  was  validated  by  comparison  to  a  more-standard  technique — Laser  Doppler  Velocimetry 
(LDV) .  This  comparison  was  performed  in  a  1.5-cm-diam.  air  jet  which  was  seeded  with 
mineral-oil  droplets  with  a  measured  Sauter  mean  diameter  of  4.4  um.  A  5000-scan-lines/s 
encoded  scan  pattern  is  imposed  upon  the  droplets  shown  in  Fig.  12.  An  Aerometrics,  Inc. 
two-component  phase/Doppler  particle  analyrer^  was  employed  to  perform  velocity  and  droplet- 
size  profiles  within  the  spray.  At  the  several  locations  compared,  the  average  velocity 
obtained  from  the  two  techniques  was  found  to  agree  to  within  8%  over  centerline  values 
ranging  from  6.7  m/s  at  1  cm  to  5.3  m/s  at  12-cm  heights. 

Conclusion 

The  techniques  investigated  have  proven  to  be  very  attractive  for  two-dimensional 
velocity  measurements  in  complex  flows.  The  particle-streak-velocimetry  scheme  employing  an 
argon-ion  laser  sheet  displays  the  highest  degree  of  flexibility  in  measuring  velocity,  but 
the  associated  relatively  low  particle  visibility  is  a  drawback.  Pulsed-laser  velocimetry. 
to  the  contrary,  greatly  enhances  particle  visibility,  allowing  smaller  particles  to  be 
tracked.  However,  schemes  to  encode  the  lighting  sheet  are  more  complex  and  less  flexible 
witn  the  copper-vapor  laser.  A  simple  but  efficient  method  of  incorporating  the  most  desir¬ 
able  aspects  of  both  of  these  techniques  has  been  demonstrated  in  a  rotating-mirror  scanner 
system.  It  is  estimated  that  flow  velocities  between  0.1  and  250  m/s  can  be  measured  conve¬ 
niently  with  the  proper  application  of  these  methods.  The  capability  of  these  velocity- 
measurement  schemes  in  obtaining  quantitative  data  in  the  more  difficult  environment  of  very 
low  flow  or  high  temperature  appears  to  be  limited  only  by  the  ability  to  produce  main¬ 
tain  the  proper  seed  densities  in  the  regions  of  interest. 
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Figure  1.  Nondimensional  Mean  Exposure 
as  Function  of  Farticle  Size 
with  Royal  X-Pan  Film  for 

(a)  Particle-Streak  Case  and 

(b)  Pulsed-Laser  Case. 


Figure  2.  Particle-Streak-Velocimetry 
System  with  Encoding  Scheme. 


Figure  3.  Encoded  Particle-Streak 
Photograph  of  Seeded 
Propane  Diffusion  Flame. 


Figure  4.  Photograph  of  Seeded 
Nonreacting  Air  Jet 
Using  Multiple-Pulsed 
Laser  Velocimetry. 
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Figure  5.  Evolution  of  Low-Flash- Pyrotechnic  Ignition. 
Successive  frames  taken  at  6000-Hz  rate. 


Figure  6.  Evolution  of  High-Flash-Pyrotechnic  Ignition. 
Successive  frames  taken  at  6000-Hz  rate. 
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ABSTRACT 

The  Phase  Doppler  Particle  Analyzer  (PDPA)  offers  the 
potential  for  simultaneous  measurements  of  gas  and  droplet 
velocity  and  droplet  diameter  in  two-phase,  complex,  recirculating 
flows.  If  this  potential  is  to  be  realized,  all  aspects  of  the 
measurements  must  be  evaluated  for  precision  and  reliability. 
Measurements  have  been  made  with  the  PDPA  in  both  high-velocity 
(30m/s)  and  low-velocity  (lm/s)  flows.  These  same  flows  were 
analyzed  with  a  TSI,  Inc.  two-color  laser-Doppler  velocimeter  and 
a  hot-wire  anemometer,  respectively.  An  evaluation  of  the  results 
obtained  with  the  three  measurement  techniques  has  identified 
certain  configurations  of  the  PDPA  instrument  which  can  produce 
sigificant  errors  in  the  determination  of  velocity  and  rms 
velocity.  The  error  analyses  conducted  on  the  PDPA  are  presented 
herein  along  with  identification  of  the  sources  of  measurement 
error.  Also,  possible  solutions  to  the  problems  are  described. 

INTRODUCTION 

Successful  engineering  of  two-phase  flow  systems  is  critical 
to  a  variety  of  applications.  In  developing  such  systems  it  is 
desirable  to  have  a  thorough  understanding  of  the  interaction 
between  the  dispersed  and  carrier  phases.  To  this  end  a  great 
amount  of  research  effort  has  been  invested  in  both  analytical  and 
experimental  studies.  The  study  to  be  reported  in  this  paper  is 
experimental.  The  objective  of  the  effort  is  to  evaluate  the 
limitations  of  an  instrument,  developed  primarily  to  characterize 
the  size  and  velocity  of  droplets,  in  measuring  the  velocity 
(mean,  rms,  and  higher  order  moments)  of  the  gas  phase. 

The  Phase  Doppler  Particle  Analyzer  (PDPA)  is  an 
interferometric-based  instrument  designed  to  measure  the  size  and 
velocity  of  spherical,  translucent  particles,  its  theory  of 
operation  has  been  described  in  numerous  publications  (Bachalo, 
1980;  Bachalo  and  Houser,  1984).  Further,  its  ability  to  size 
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liquid  droplets  has  been  evaluated  by  several  investigators  and 
found  to  be  acceptable  (e.g. ,  Jackson  and  Samuelsen,  1987;  Dodge 
et  al,  1987) . 

Two  features  of  the  PDPA  design  make  it  potentially  useful 
for  simultaneously  characterizing  both  phases  of  a  two-phase  flow. 
First,  it  has  a  broad  sizing  range  (35:1  for  a  given  optic  and 
electronic  configuration  of  the  instrument) .  In  one  setup  it  has 
the  potential  to  measure  both  gas  and  droplet  velocities,  using 
the  particle  sizing  capability  as  a  means  of  identifying  the  size 
of  the  scatterer  and,  thereby,  discriminating  between  droplet  and 
gas  velocity.  Second,  a  large  number  of  realizations  (of  order 
90K)  can  be  taken  for  each  data  point.  In  a  spray  with  a  broad 
size  distribution,  this  large  amount  of  data  should  permit  the 
acquisition  of  a  sufficient  amount  of  velocity  information  on  very 
small  scatterers  to  provide  a  statistically  significant  base  with 
which  to  generate  the  gas  phase  velocity  moments. 

In  utilizing  the  PDPA  to  characterize  a  high  speed  and  a  low 
speed  air  flow  (30m/s  and  lm/s)  several  measurement  errors 
surfaced.  Details  of  comparisons  made  between  the  PDPA  and  a 
standard  laser  Doppler  anemometer  (LDA)  and  a  hot-wire  anemometer 
can  be  found  in  other  papers  (Obringer  et  al,  1988;  Aggarwal  et 
al,  1988).  In  this  paper  the  discussion  will  be  confined  to  the 
phase  Doppler  instrument.  While  it  is  not  suggested  that  all  of 
the  measurement  discrepancies  can  be  attributed  to  the  PDPA,  the 
investigation  reported  herein  identifies  several  limitations  to 
its  operation  as  an  LDA  instrument  in  the  current  configuration. 

EXPERIMENT 

A  two-color  PDPA  was  evaluated  for  its  accuracy  in  making 
velocity  and  rms  velocity  measurements.  Only  one  channel  has  been 
examined.  For  the  purpose  of  this  evaluation  several  features  of 
the  PDPA  should  be  noted.  First,  it  uses  a  circular, 
transmission-type,  diffraction  grating  as  both  a  beam  splitter 
(using  the  two  first-order  beams)  and  as  a  frequency  shifting 
device  for  each  channel.  The  grating  has  three  tracks  with  line 
pair  widths  at  the  center  of  each  track  of  6.08,  11.45,  and  21.4 
micrometers  (Figure  1) .  On  the  order  of  30%  of  the  incident  beam 
energy  is  retained  in  each  of  the  two  first  order  beams  used  to 
form  the  interference  probe  volume.  For  a  given  optical 
configuration,  the  three  grating  tracks  offer  a  selection 
between  three  beam  spacings  in  the  transmitter  (three  fringe 
spacings  at  the  probe  volume)  of  the  PDPA.  The  grating  is  rotated 
by  a  motor  in  order  to  shift  the  fringes.  The  motor  speed  is 
variable  and  its  value  is  carefully  checked  by  optical  encoders. 

It  provides  for  a  range  of  frequency  shifts  (in  combination  with 
the  appropriate  tracks)  between  0.2  and  8MHz. 

Second,  the  signal  processors  of  the  PDPA  operate  with  an 
80MHz  clock  speed.  This  speed  contributes  to  setting  the 
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FIGURE  1  Diffraction  grating  for  beam  splitting  and  fraquancy  ahlft 

resolution  of  the  instrument  as  it  is  the  number  of  clock  cycles 
per  Doppler  burst  which  define  the  burst. 

Finally,  the  measurement  range  of  the  instrument,  both  size 
and  velocity,  is  divided  into  fifty  bins.  Velocity  and  size 
information  is  stored  as  bin  counts  and  the  actual  floating  point 
value  of  velocity  and  size  is  lost  after  the  measurement  is 
assigned  to  the  appropriate  bin.  In  some  cases  this  method  of 
storage  results  in  a  loss  of  resolution,  i.e.,  the  bin  width  is 
Jarger  than  the  instrument  resolution. 

A  discrepancy  was  noted  between  the  velocity  measurements  of 
the  PDPA  and  other  instruments.  The  following  test  was  designed 
to  evaluate  the  phase  Doppler  measurement  accuracy.  A  variable 
speed,  light  beam  chopper  was  employed  as  a  source  of  stable  and 
accurately  known  rotational  frequencies.  Infrared  light  emitting 
diodes  and  phototransiBtors  sensing  the  chopper  blade  movement 
stabilized  the  rotational  frequency  to  within  +/-  0.3%  of  the 
desired  value.  In  addition  to  the  digital  frequency  readout  of 
the  chopper  system,  an  independent  frequency  determination  was 
obtained  with  a  frequency  counter  driven  by  the  output  of  a  PIN 
photodiode  illuminated  by  a  Helium  Neon  laser  directed  through  an 
aperture  in  the  chopper  blade.  A  boron  fiber  approximately  six 
micrometers  in  diameter  was  placed  along  a  radii  of  the  chopper 
blade  and  extended  1.5mm  beyond  the  edge  of  the  blade.  The  blade 
was  then  positioned  so  that  the  fiber  swept  through  the  probe 
volume  of  the  PDPA,  generating  very  clean  Doppler  bursts.  The 
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FIGURE  2a  Velocity  measurement  error  ae  a  function 
of  mean  velocity 
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FIGURE  2b  RMS  velocity  ae  a  function  of  mean  velocity 


diameter  of  the  circle  swept  out  by  the  fiber  was  120.90mm 
+/-0'03imiu  This  diameter  along  with  the  rotational  frequency 
provided  a  precise  determination  of  the  linear  speed  of  the 
scatterer  through  the  probe  volume. 

RESULTS 

In  Figure  2a  the  tangential  velocity  of  the  fiber  moving  on 
the  wheel  is  indicated  on  the  horizontal  axis.  The  vertical  axis 


197 


s 

o 
0 > 
w 

00 

0) 

3 

a 

§ 

a 

3- 

* 

z 

N 


FIGURE  3.  Spectrum  analysis  of  the  diffraction 
grating  rotational  frequencies 

represents  the  difference  between  the  mean  velocity  measurement  of 
the  PDPA  and  the  known  fiber  velocity  expressed  in  percent  of  the 
known  velocity.  The  three  plots  are  for  three  values  of  frequency 
shift  or  shift  velocity  (0,  5,  and  lOm/s) .  Above  20m/s  the  PDPA 
velocity  measurement  is  good  for  all  values  of  frequency  shift. 
Between  2  and  20m/s  the  measurement  is  still  good  but  there  is  a 
consistent  error  of  approximately  3%.  Below  2m/s  the  error  in  the 
measurement  is  very  high  when  frequency  shift  is  used. 

Figure  2b  indicates  the  companion  rms  velocity  measurements. 
At  the  highest  mean  velocity  the  rms  varies  from  0.2  to  0.3m/s, 
less  than  a  1%  error  relative  to  the  mean  measurement.  At  the 
lowest  measured  mean  velocity,  however,  the  measured  rms  is  12%  of 
the  mean  velocity  for  frequency  shifted  measurements.  This  is  a 
substantial  error  in  measuring  low  speed,  low  turbulence  flows. 

A  direct  measurement  of  the  frequency  shift  generated  by  the 
rotating  grating  of  the  PDPA  has  been  made  in  an  attempt  to 
isolate  the  error  in  the  rms  measurement.  This  is  accomplished  by 
imaging  the  PDPA  probe  volume  through  a  microscope  objective  onto 
a  measurement  plane  containing  a  PIN  photodiode  connected  to 
spectrum  analyzer.  The  signals  produced  by  the  diode  are  analyzed 
for  various  rates  of  frequency  shifting  as  set  by  the  velocity 
offset  parameter  of  the  PDPA.  For  each  velocity  offset,  two 
frequency  characteristics  have  been  observed:  the  average 
frequency  of  fringe  movement  and  the  noise  about  this  value.  The 
data  obtained  from  these  measurements  are  shown  in  Figure  3 .  As 
can  be  seen  by  this  data,  the  frequency  shift  set  by  the  PDPA  is 
very  near  that  measured.  However,  there  is  a  noise  bandwidth  of 
at  least  35kHz  present  at  all  rotational  speeds.  At  low  values  of 
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frequency  shift  this  level  of  noise  is  a  significant  contribution 
to  the  measured  rms. 

The  existence  of  the  noise  band  about  the  nominal  shift 
frequency  implies  that  either  the  rate  of  rotation  of  the  grating 
or  the  line  pair  spacings  are  not  uniform.  To  isolate  these 
possible  effects,  another  method  of  determining  the  rotational 
rate  and  stability  of  the  grating  has  been  employed.  An  alignment 
laser  is  reflected  from  the  surface  of  the  grating  disc  at  near 
zero  grazing  incidence.  The  reflected  beam  is  observed  to  move  in 
a  circular  orbit  as  the  grating  is  rotated.  A  PIN  photodiode  is 
placed  in  this  path  and  its  output  analyzed  with  a  counter  and 
spectrum  analyzer.  The  results  of  this  analysis  indicate  the  rate 
of  rotation  is  stable.  The  fact  that  the  reflected  beam  moved  in 
a  circle  casts  immediate  suspicion  upon  the  uniformity  of  the  line 
spacing  on  the  grating  as  seen  by  the  focused  PDPA  beam.  If  the 
center  of  the  grating  precesses  around  the  center  of  rotation  or 
if  the  surface  of  the  grating  is  not  flat,  the  point  on  the 
grating  where  the  incident  beam  is  focused  will  move  radially  as 
the  grating  is  rotated.  As  can  be  seen  in  Figure  1,  any  radial 
movement  results  in  a  change  in  grating  line  pair  spacing  (between 
5  and  10%  depending  on  the  track  in  use) . 

CONCLUSIONS 

The  Phase  Doppler  Particle  Analyzer  is  a  viable  instrument 
for  use  in  two-phase  flows.  In  its  current  configuration  and 
with  judicious  use  of  frequency  shifting  it  accurately  measures 
mean  flow  velocity.  Currently  it  does  not  characterize  low  speed, 
low  turbulence  flows  satisfactorily  when  any  level  of  frequency 
shift  is  used.  It  performs  acceptably  in  this  regard  when  there 
is  no  imposed  shift  velocity.  The  error  associated  with  shifting 
arises  from  an  oscillation  in  the  movement  of  the  grating  as  it  is 
rotated.  This  oscillation  superimposes  at  least  a  35kHz  band  onto 
the  measurement.  This  can  overwhelm  the  rms  measurement  in  low 
turbulence  flows. 

With  regard  to  high  speed  flows  of  modest  to  high  turbulence 
levels,  the  results  are  not  conclusive.  Some  of  the  apparent 
error  may  be  associated  with  the  rotational  stability  of  the 
grating  as  described  above.  However,  there  is  also  some  suspicion 
that  the  error  may  be  linked  to  the  resolution  of  the  data  after 
it  has  been  stored  as  bin  information.  This  issue  is  unresolved. 

Currently,  efforts  to  correct  deficiencies  and  resolve  open 
items  are  underway.  A  more  stable  grating  motor  is  being 
identified,  the  flatness  of  existing  grating  wheels  is  being 
checked,  the  processor  speed  has  been  increased  by  a  factor  of 
five  (to  400MHz) ,  and  an  option  has  been  written  into  the 
processing  software  to  change  the  data  storage  to  gain  access  to 
the  full  resolution  of  the  instrument. 
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The  Development  of  a  Water-Cooled  Droplet-on-Demand  Generator* 
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The  technology  for  controlling  production  of  liquid  droplets  has  found  many 
applications.  While  some  of  these  techniques  have  commercial  application,  many 
more  have  been  developed  for  use  in  a  research  environment  for  studies  of  droplet 
behavior  and  interactions.  The  development  of  many  different  methods  for  droplet 
generation  has  been  necessitated  by  the  requirements  of  particular  applications-from 
controlling  the  flow  of  ink  onto  printer  paper  to  the  precise  placement  of  pesticides. 
Although  droplet-diameter  ranges  of  from  tens  to  hundreds  of  micrometers  are 
common  to  many  generation  techniques,  operating  parameters  such  as  frequency, 
velocity,  size  uniformity,  liquid  composition,  and  droplet  number  densities  can  vary 
considerably,  depending  upon  the  desired  result.  Design  considerations  and 
development  of  one  technique  for  single-droplet  (droplet-on-demand)  generation  are 
described  herein.  Although  the  generator  described  is  being  developed  for  a  specific 
research  application,  its  construction  and  operational  characteristics  are  sufficiently 
versatile  to  permit  its  application  to  many  studies  requiring  the  production  of  isolated 
droplets. 

A  program  in  progress  to  study  the  rate  of  vaporization  of  various  types  and 
combinations  of  liquid  fuels  requires  a  generator  which  can  inject  droplets  axially  into 
a  flow  of  air  heated  to  400  K  without  perturbing  the  velocity  or  temperature  uniformity  of 
the  flow.  Single  monosized  droplets  are  required  having  diameters  in  the  range  50  - 
90  pm,  each  droplet  having  identical  initial  velocity  and  trajectory.  An  essential 
characteristic  of  the  system  involves  long-term  stability.  That  is,  once  a  droplet  of  given 
diameter  and  velocity  is  produced,  these  two  parameters  must  remain  stable  for  a 
period  of  up  to  0.5  hr.  while  relative  diameter  measurements  are  being  performed. 
The  experimental  configuration  containing  the  droplet  generator  is  shown  in  Fig.  I. 
One  problem  presented  by  this  configuration  is  that  the  droplet  generator,  located  at 
the  tip  of  the  droplet-generator  support,  requires  thermal  isolation  over  its  60-cm  length 
from  the  heated  air  flow  to  prevent  pre-vaporization  of  the  fuel.  This  isolation  is 
provided  by  a  water-cooled  sheath  which  also  serves  as  a  support  for  the  generator. 

The  configuration  of  the  droplet-on-demand  generator  is  diagrammed  in  Fig.  2.  The 
generator  operation  is  based  on  a  piezoelectric  (PZT)  cylinder  0.7  mm  ID  x  1.3  mm  OD 
x  19  mm  in  length.  A  voltage  pulse  applied  between  the  inner  and  outer  surfaces  of  the 
PZT  causes  the  cylinder  to  contract  radially.  This  contraction  creates  a  pressure  wave 
which  forces  liquid  in  the  cylinder  through  a  glass  nozzle  whose  aperture  diameter  is 
equal  to  that  of  the  desired  droplet.  The  most  critical  aspect  of  this  generator  design  is 
the  shape  and  quality  of  the  nozzle  which  is  formed  by  melting  and  polishing  glass 
capillary  tubing.  A  properly  formed  nozzle  produces  clean,  singe  droplets  with  PZT 
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drive  voltages  as  low  as  10  V.  One  of  the  most  useful  features  incorporated  in  the 
design  shown  in  Fig.  2  is  a  nozzle-mounting  configuration  which  allows  convenient 
removal  of  the  glass  tip  for  cleaning  or  replacement. 

Seven  operational  parameters  have  been  identified  which  have  a  major  influence 
upon  successful  generator  performance,  the  most  sensitive  of  these  being  PZT  drive- 
voltage  amplitude,  pulse  width,  pulse-repetition  frequency,  and  liquid  pressure.  The 
viscosity  of  the  liquid,  PZT  temperature,  and  rise  and  fall  times  of  the  PZT  pulse  also 
impact  generator  performance  but  to  a  lesser  extent.  Proper  generator  operation,  as 
shown  in  Fig.  3,  requires  a  delicate  balance  among  these  seven  parameters.  When 
control  of  these  parameters  is  exerted  with  sufficient  sensitivity  and  stability,  the 
generator  performs  very  reliably. 

Development  efforts  during  this  study  resulted  in  a  compact,  versatile,  reliable 
technique  for  production  of  single  liquid  droplets  and  introduction  of  these  droplets  into 
a  hostile  environment.  The  droplet-on-demand  system  as  presently  configured  has 
produced  droplets  using  water,  hexane,  and  decane  as  the  working  fluids.  Through 
precise  control  of  the  operational  parameters,  several  discrete  droplet  diameters  in  the 

range  40  -  90  pm  can  be  stably  generated  from  a  single  65-pm  nozzle  aperture 
Droplet-generation  frequencies  range  from  one  droplet  up  to  a  stream  of  droplets  at 
I  kHz,  with  adjustable  exit  velocities  varying  between  0.2  and  10  m/s.  The  generator 
has  demonstrated  capability  in  operating  in  any  orientation  and  in  temperature 
environments  in  excess  of  500  K.  A  shortened  version  of  this  design  could  prove  to  be 
even  more  efficient,  although  the  difficulties  created  by  the  extreme  length  required  by 
the  present  application  have  been  overcome. 
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Figure  2.  Schematic  Diagram  of  Water-Cooled  Droplet-on-Demand  Generator. 
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ABSTRACT 

An  optical  diagnostic  instrument  has  been  constructed,  which  in¬ 
tegrates  the  capabilities  of  the  Coherent  Anti-Stokes  Raman 
Spectroscopy  (CARS)  technique  with  those  of  the  Phase  Doppler 
Particle  Analyzer  (PDPA) .  The  resulting  CARS/PDPA  system 
provides  a  non- intrusive  capability  with  which  to  measure  gas 
and  droplet  behavior  in  spray  flames.  Gas  temperature  and 
velocity  and  droplet  size  and  velocity  cam  be  measured  nearly 
simultaneously  with  excellent  spatial  resolution.  The  CARS  sys¬ 
tem  electronics  supplies  a  7  millisecond,  gated  window  to  the 
PDPA  instrument  in  which  it  can  acquire  data.  The  CARS  laser 
firing  and  its  resulting  measurement  of  gas  temperature  is 
centered  within  the  window.  Some  of  the  capabilities  of  the  com¬ 
bined  instrument  are  demonstrated  in  am  atmospheric,  complex 
flow  spray  flame. 


INTRODUCTION 

Liquid  fueled  combustion  systems  are  common,  integral  elements 
of  the  power  plamts  for  many  applications.  Research  focused  on 
extending  the  performance  limitations  of  these  devices  is 
widespread.  Historically,  instrumentation  available  for  such 
studies  has  been  limited  to  intrusive  probes,  photography,  and 
external  performance  measurement  devices  such  as  thrust  stands 
and  exhaust  gas  emission  analysis.  Laser  based  diagnostic  tech¬ 
niques  have  recently  broadened  the  experimental  capabilities  of 
fuel  spray  research.  Useful  techniques  include  laser  Doppler 
velocimetry  (LDV) ,  coherent  anti-Stokes  Raman  spectroscopy 
(CARS) ,  and  phase  Doppler  particle  analysis  (PDPA) .  L&ch  of 
these  techniques,  as  well  as  other  related  diagnostic  tools, 
have  unique  characteristics  and  capabilities.  None  provide  a 
complete  picture  of  the  two-phase  combustion  process. 

*  Systems  Research  Laboratories 
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The  CARS  and  PDPA  systems,  when  used  together,  provide  an  oppor¬ 
tunity  to  evaluate  many  of  the  dominant  features  of  a  combusting 
fuel  spray.  In  previous  work  on  combustion  systems  fueled  with 
gaseous  propane  (1)  a  CARS  system  was  combined  with  a  two-com¬ 
ponent  LDV  instrument  in  order  to  measure  gas  temperature  and 
two  components  of  gas  velocity.  Temperature  and  velocity 
measurements  were  collected  within  4  microseconds  of  each  other, 
facilitating  examination  of  the  relationship  between  time 
averaged  thermal  and  flow  fields.  An  additional  dimension  to 
the  diagnostic  problem  is  added  when  the  fuel  is  introduced  as  a 
liquid.  For  this  current  investigation  the  CARS/PDPA  combined 
system  offers  the  opportunity  to  make  droplet  size  and  velocity 
measurements  as  well  as  obtain  gas  phase  temperature  and 
velocity  information.  This  paper  details  the  process  by  which 
the  CARS  and  PDPA  instruments  are  combined  and  reports  our  ini¬ 
tial  attempts  to  utilize  the  combined  CARS/PDPA  instrument  in  a 
complex  reacting,  two-phase  flow. 

INSTRUMENTATION 


The  Components 

The  CARS  instrument  is  based  on  a  pulsed  Nd : YAG  laser  and  is 
operated  in  a  folded  BOXCARS  optical  configuration.  It  samples 
the  vibrational  spectra  of  molecular  nitrogen,  measuring  gas 
temperature  with  an  accuracy  ranging  from  +20K  at  2000K  to  +40K 
at  300K.  The  optical  probe  volume  is  approximately  1  cubic  mil¬ 
limeter,  with  a  150  micrometer  diameter  waist.  Details  of  this 
configuration  can  be  found  elsewhere  (2,  3) .  Its  performance 
has  been  successfully  demonstrated  in  the  hostile  environment  of 
a  large  scale  combustor  (4) . 

The  PDPA  is  based  on  a  continuous  wave  Argon  ion  laser.  It  is  a 
two-component  system,  measuring  particle  size  and  two  orthogonal 
velocity  components.  Size  discrimination  is  used  to  assign 
measured  velocities  to  the  gas  phase  or  droplet  phase  statis¬ 
tics.  Particle  velocities  up  to  ±100m/s  and  diameters  between 
0.7  and  400  micrometers  are  measurable  with  the  instrument  in 
its  current  configuration.  The  probe  volume  is  of  order  10~3 
cubic  millimeters  with  a  100  micrometer  diameter  waist.  This  in¬ 
strument  has  been  predominantly  used  in  non-reacting  flows  (5), 
although  limited  results  have  been  reported  for  combusting 
sprays . 

Combining  the  Pieces 

The  optical  configuration  for  the  combined  CARS/PDPA  instrument 
is  shown  in  Figure  1.  The  optical  axes  of  the  instrument  lie  in 
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Figure  1.  Optical  Layout  of  the  combined  CARS! PDPA  instrument 

a  horizontal  plana,  physically  configured  to  measure  a  horizon¬ 
tally  moving  flow  field.  This  design  was  chosen  to  best  satisfy 
two  operational  constraints.  First,  combining  these  two  optical 
systems  require  that  a  total  of  seven  laser  beams  (three  for 
CARS  and  four  for  PDPA)  be  directed  to  a  common  focal  volume.  A 
coaxial  optical  geometry  would  best  resolve  a::ial  and  radial 
velocity  components.  However,  since  the  relative  spacing  of  the 
beams  of  each  diagnostic  technique  is  nearly  the  same,  the  re¬ 
quirements  for  the  physical  placement  of  beam  handling  optics  in 
a  coaxial  arrangement  preclude  its  use.  Second,  while  the  CARS 
collects  forward  scattered  energy,  the  optimum  performance  of 
the  PDPA  requires  that  it  collect  light  at  a  30°  off-axis,  for¬ 
ward  position.  To  satisfy  this  requirement,  while  leaving  space 
to  physically  position  the  transmission  and  receiving  optics  of 
both  systems,  the  axes  of  both  the  PDPA  transmitter  and  receiver 
are  aligned  15°  to  the  same  side  of  the  CARS  axis.  See  the 
paths  labeled  "position  1"  and  "position  2"  in  Figure  1.  Two 
positions  of  the  PDPA  equipment  are  required  to  maximize  the 
measurement  coverage  of  the  instrument  in  light  of  the  limited 
optical  access  of  the  test  article.  Insertion  or  removal  of  one 
reflecting  optic  and  the  corresponding  positioning  of  the  PDPA 
receiver  module  allows  convenient  switching  between  the  two  posi¬ 
tions. 

Data  can  be  acquired  with  this  system  in  one  of  two  modes:  con¬ 
tinuous  or  gated.  During  continuous  operation  each  measurement 
technique  accumulates  data  independently.  While  CARS  informa- 
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tion  is  generated  in  10 
nanosecond  laser  pulses  at  a 
repetition  rate  of  10  Hz,  the 
PDPA  continuously  processes  Dop¬ 
pler  bursts  produced  by  the  pas¬ 
sage  of  a  particle  through  a 
set  of  interference  fringes. 

In  gated  operation  the  CARS 
operation  is  unchanged.  The 
PDPA  system,  however,  is  gated, 
acquiring  data  only  during  a  7 
millisecond  window  which  is 
centered  about  the  CARS  measure¬ 
ment  event.  The  timing  diagram 
for  this  mode  of  operation  is 
shown  in  Figure  2 . 

The  purpose  of  a  gated  mode  of  operation  is  to  synchronize  the 
acquisition  of  data  from  the  two  instruments  to  allow  near-simul¬ 
taneous  collection  of  velocity,  temperature,  and  drop  size  infor¬ 
mation.  To  insure  that  each  phase/Doppler  measurement  can  be 
matched  to  the  proper  CARS  data  point  several  timing  aids  are  in¬ 
cluded  in  the  data  recording  procedure.  At  the  beginning  of 
data  collection  each  successive  CARS  measurement  is  assigned  a 
shot  number.  This  number  also  becomes  the  gate  number  for  the 
corresponding  PDPA  gate.  Upon  application  of  the  first  gate 
pulse  to  the  PDPA,  two  32-bit  timers  are  initialized.  One 
timer,  the  run  time,  runs  continuously  throughout  the  data  ac¬ 
cumulation  and  records  the  arrival  time  of  each  PDPA  measure¬ 
ment.  This  timer  acts  a  second  check  for  insuring  proper  gate 
numbering  since  its  values  are  grouped  in  increments  of  100  mil¬ 
liseconds  corresponding  to  the  10  Hz  gated  operation.  The  other 
clock,  the  gate  time,  is  initialized  at  the  start  of  each  gate, 
thus  maintaining  a  high  precision  record  of  the  arrival  time  of 
each  measurement  within  individual  7  millisecond  gates.  Since 
the  CARS  measurement  event  occurs  at  a  fixed  3.5  milliseconds 
from  the  start  of  the  PDPA  gate  pulse,  the  gate  timer  is  used  to 
define  how  " simultaneous "  events  within  the  gate  occur. 

EXPERIMENTAL 

An  atmospheric,  liquid  fueled  combustor  has  been  used  to 
evaluate  the  CARS/PDPA.  It  is  illustrated  schematically  in 
Figure  3.  The  research  burner  is  axisymmetric  with  its  inlet 
plane  coincident  with  the  face  of  a  14  cm  diameter  centerbody. 

The  centerbody  is  concentrically  mounted  in  a  25.4  cm  diameter 
duct.  Air  flows  through  the  annulus  formed  between  the  center- 
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Figure  2.  CARS/PDPA  timing  sequence 


body  and  the  duct  at  a 
rate  of  1  kg/sec.  The 
mean  air  velocity  in 
the  annulus  is  24.1 
m/s.  The  standard  Air 
Force  aviation  distil¬ 
late  fuel,  JP-4,  is  in¬ 
jected  from  a  Delevan 
pressure  atomizer 


(model  2.0/30)  fitted  Figure  j.  Atmospheric  combustor  layout 
flush  into  the  face  of 

the  centerbody.  The  fuel  flow  rate  is  6.5  kg/hr,  matching  the 
energy  flux  used  in  operating  this  burner  with  propane  fuel  in 
the  earlier,  single-phase  combustion  study  (See  Reference  4) . 


RESULTS 

Two  aspects  of  the  instrument  performance  have  been  evaluated. 

The  first  consideration  is  the  quality  of  the  spray  analysis 
when  the  PDPA  is  operated  in  a  gated  mode;  that  is,  with  blocks 
of  data  recorded  in  7  millisecond  windows,  opening  with  a  fre¬ 
quency  of  10  Hz.  Essentially  this  mode  of  operation  is 
analogous  to  an  LDV  post-processing  technique,  constant  time  in¬ 
terval  sampling.  This  correction  is  often  used  to  eliminate 
biasing  effects  of  variable  density  flows.  It  is  not  clear  that 
such  a  "correction"  is  needed  to  characterize  the  spray  and  the 
cost  of  this  mode  of  operation  is  a  substantially  reduced  effec¬ 
tive  data  rate.  The  second  consideration  is  the  quality  of  the 
CARS  temperature  data  in  the  presence  of  droplets.  If  a  droplet 
is  in  the  vicinity  of  the  measurement  volume  during  the  CARS 
laser  firing  the  droplet  can  create  a  background  signal  that  dis¬ 
torts  or  completely  obscures  the  nitrogen  spectra.  The  effect 
of  particle  breakdown  during  the  collection  of  the  CARS  signal 
has  been  evaluated  and  reported  (6) .  The  local  number  density 
limit  was  estimated  for  80  micron  droplets  at  10^  drops  per 
cubic  centimeter.  Signal  recovery  was  approximately  80%  of  the 
affected  spectra. 

Gated  PDPA  Sprav  Measurements 

The  spray  has  been  characterized  one  centimeter  from  the  nozzle 
face  with  the  PDPA  operated  in  both  the  gated  and  continuous 
modes.  Figures  4a  and  4b  illustrate  the  results.  The  solid 
curve  in  each  figure  represents  cold  spray  measurements  with 
water.  They  are  included  as  a  reference.  Some  differences  are 
expected  due  to  physical  differences  in  the  two  fluids  (primari¬ 
ly  density  and  viscosity)  and  differences  in  the  ambient  gas  en¬ 
vironment  (local  gas  velocity  and  temperature) .  It  is  expected 
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Figure  4.  Radial  profiles  of  droplet  size  and  velocity  within  the  fuel  spray  1  cm  from  the  nozzle  face 

that  at  this  position,  1  cm  from  the  nozzle,  the  measurement 
profiles  should  take  on  similar  shapes.  As  evident  in  the 
figure  the  hot  and  cold  measurements  are  similar.  The  hot 
measurements,  however,  are  radially  snrfted  by  approximately  3 
mm.  The  complex,  recirculating  flow  pattern  established  by  the 
large  bluff  body  at  the  injection  plane  may  be  pulling  the  spray 
radially  outward.  This  has  yet  to  be  established. 

There  are  no  significant  differences  between  the  continuous  and 
gated  spray  measurements  for  either  droplet  size  or  velocity 
(open  symbols) .  The  continuous  data  was  also  post-processed  in 
a  way  to  simulate  the  gated  operation.  That  is  only  data  within 
7  millisecond  windows,  spaced  100  milliseconds  apart  were 
processed  (darkened  symbols) .  Again  these  fall  in  line  with  the 
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other  data.  Thus,  gating  has  no  influence  on  the  droplet 
measurements.  The  effect  of  gating  is,  however,  expected  to  be 
important  in  interpreting  gas  phase  measurements  with  this  com¬ 
bined  instrument  and  the  issue  will  have  to  be  revisited  when 
the  gas  phase  measuements  are  included. 

CARS  Measurements  within  Spray  Flames 

The  CARS  behavior  in  the  presence  of  the  spray  has  been  more  pre¬ 
dictable  than  that  of  the  PDPA.  Two  types  of  signal  inter¬ 
ference  were  expected  and  observed.  Figure  5  presents  five 
illustrations  of  the  types  of  spectra  observed  in  this  spray 
flame.  The  narrow  sharp  peak  surrounded  by  a  low  baseline  in 
Figure  5a  shows  a  relatively  clean  CARS  spectrum  free  from  back¬ 
ground  contributions.  The  temperature  of  this  spectrum  is 
found  in  Figure  5b  by  a  fit  to  a  calculated  spectral  library. 

The  "goodness"  of  fit  of  the  experimental  and  library  spectra  is 
calculated  to  be  ±  14  K.  Figures  5c, e,  and  f  represent  more 
typical  measurements  in  this  spray  flame  environment.  The  CARS 
signal  contains  the  peak  broadening  influence  of  an  non-resonant 
interference  from  the  CARS  beam  interaction  with  fuel  vapor,  5c; 
or  contains  the  broadband  noise  associated  with  droplet  break¬ 
down,  5f;  or  a  combination  of  both  influences  as  illustrated  in 
Figure  5e.  If  not  properly  compensated,  these  contributions  to 
the  recorded  spectra  can  result  in  significant  errors  in  the  gas 
temperature  measurement. 

Figure  6  illustrates  the  radial  gas  phase  temperature  profiles 
made  with  the  CARS  in  the  fuel  spray  environment  at  4  cm 
downstream  of  the  injection  plane.  Droplets  were  present  at  two 
of  the  five  radial  measurement  stations.  The  local  droplet  num¬ 
ber  density  as  measured  by  the  PDPA  are  also  included  on  the 
figure  for  reference.  To  illustrate  the  effects  of  background 
influences  the  temperature  data  was  processed  by  four  methods. 

In  the  first  case  temperature  reduction  was  performed  with  no 
compensation  for  either  type  of  background  influence. 

In  the  second  case  only  the  correction  for  the  non-resonant  con¬ 
tribution  was  made,  eliminating  the  fuel  vapor  contribution  to 
the  CARS  signals.  Near  the  centerline  and  at  the  outer  edges  of 
the  reaction  zone  the  concentration  of  fuel  vapor  is  expected  to 
be  low  and  fuel  droplets  are  not  present;  CARS  data  should  be 
well  behaved.  Near  the  spray  at  the  2  and  3  cm  stations 
droplets  are  present  but  no  correction  is  made  for  droplet  break¬ 
down.  There  is  a  peak  in  the  gas  temperature  where  one  might  ex¬ 
pect  a  depression.  That  is,  in  the  spray  itself  evaporation 
rates  are  high  and  oxygen  is  scarce  resulting  in  low  gas-phase 
temperatures . 
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Figure  6.  Gas  temperature  radial  profile 

In  the  third  processing  scheme  corrections  for  the  non-resonant 
contribution  and  droplet  breakdown  were  both  instituted  on  all 
the  spectra  (whether  or  not  a  correction  is  warranted) .  The 
profile  labeled  "full  correction  -  all  data"  represents  the 
results.  Temperatures  are  suppressed  hundreds  of  degrees.  Note 
also  that  the  centerline  and  outer  edge  measurements  are  substan¬ 
tially  altered  even  though  no  droplets  were  found  by  the  PDPA  in¬ 
strument  in  these  regions. 

•0 

The  final  processing  approach  represents  a  more  rational  correc¬ 
tion  methodology.  The  results  are  represented  by  the  profile 
labeled  "full  correction  -  as  needed."  In  this  case  the  spectra 
were  examined  individually  to  determine  if  a  correction  for 
droplet  breakdown  was  warranted.  To  make  this  determination  we 
examined  the  measured  intensity  on  channels  far  removed  from  the 
CARS  spectrum.  If  there  was  a  substantial  increase  in  intensity 
on  these  channels,  a  background  proportional  to  the  pure  break¬ 
down  spectra  of  Figure  5d  was  subtracted  from  the  spectra  before 
fitting  it  to  the  library  spectra.  The  results  are  consistent 
with  measurements  one  would  expect.  That  is  the  centerline  and 
outer  edge  temperatures  are  the  same  as  those  determined  by  ap¬ 
plying  only  the  non-resonent  correction;  and  temperature 
decreases  near  the  spray. 


CONCLUSIONS 

Combining  the  measurement  capabilities  of  the  CARS  and  PDPA 
provide  a  powerful  tool  for  measurements  in  two-phase,  reacting 
flows.  Neither  instrument  is  being  operated  in  an  optimal  en- 
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vironment  and  the  PDPA  is  restricted  to  operate  at  low  collec¬ 
tion  frequencies.  However,  when  near- simultaneous  gas  and 
droplet  phase  measurements  are  desirable,  such  measurements  are 
possible. 

4  Gated  operation  of  the  PDPA  is  analogous  to  applying  an  equal 

time  interval  correction  scheme  to  the  data.  Such  a  correction 
is  desirable  in  flows  with  significant  density  gradients.  In 

*  flows  were  a  correction  is  not  needed,  acquiring  gated  PDPA  data 
has  no  adverse  consequence  except  low  effective  data  rates. 

CARS  data  are  clearly  sensitive  to  the  combustion  environment. 
Large  concentrations  of  evaporated  fuel  distort  the  measurement. 
This  has  been  observed  on  other  work  (4)  and  the  correction 
scheme  developed  in  these  previous  efforts  apply  to  the  spray 
flame.  However,  an  additional  correction  is  required  for  signal 
distortion  due  to  droplet  breakdown.  The  major  challenges  here 
lie  in  automating  the  detection  of  breakdown  and  in  continued 
refinement  and  rigorous  evaluation  of  the  correction. 
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